Portfolio evaluation of advanced coal technology : research, development, and demonstration by Naga-Jones, Ayaka
Portfolio Evaluation of Advanced Coal Technology 
Research, Development, and Demonstration 
Ayah  Naga-Jones 
B.E. Thermal Engineering 
Xi'an Jiaotong University, 1989 
M.E. Thermal Engineering 
Xi'an Jiaotong University, 1994 
Submitted to the Engineering Systems Division 
in Partial Fulfillment of the Requirements for the Degree of 
Master of Science in Technology and Policy 
at the 
Massachusetts Institute of Technology 
June 2005 
0 2005 Massachusetts Institute of Technology. 
All Rights Reserved 
............................................................................ - 7 .. L T . T  .... d.?..:.:.. .. Simofm : .* .......a 
Technology and Policy Pro& Engineering ystems Division 
May 12,2005 
......................................................................................... ..................................... M e d b y .  K. 
Ernest J Moniz 
Professor of Physics and of Engineerin d Systems 
Director of Energy Studies, Laboratory for Energy and the Environment 
Thesis Supervisor 
........................................................ . .... .. ... ........................................ t 
'LII Accepted by r.. ..; ;. ;. .> .: , 
Dava J. Newrnan 
Professor of Aeronautics and Astronautics and Engineering Systems 
Director, Technology and Policy Program 
L - LIBRARIES I 

Portfolio Evaluation of Advanced Coal Technology 
Research, Development, and Demonstration 
by 
Ayaka Nagadones 
Submitted to the Engineering Systems Division on May 12,2005 
in Partial FulfiIlment of the Requirements for 
the agree of Master of Science in Technology and Policy 
Abstract 
This paper evaluates the advanced coal technology research, development and 
demonstration programs at the U.S. Department of Energy since the 1970s. The evaluation 
is conducted from a portfolio point of view and derives implications for W e  program 
design and implementation. The evaluation framework consists of four categories of criteria 
that assess the portfolio from strategy, diversity, partnership, and project merit points of view. 
The analysis of the successes and the failures of the past programs in technical, financial 
and managerial respects shows that these programs are reasonably successful in (1) 
remarkably advancing coal technologies to enable the U.S. to use coalas its major energy 
resource in the electricity sector when facing more stringent environmental regulation or 
possibly even in a greenhouse gas constrained world; (2)accumulating effective program 
management experience, especially involving industry in technology development from the 
beginning of the process to facilitate fkture deployment. Among these successes, a number 
of important features incorporated in the CCTDP are especially worth noting. These 
features are: (1) The program goal was well defined, which was accelerating 
commercialization of ACTS; (2) All projects have been fully funded up front, which saved 
worries about project funding prospect and enabled performers to concentrate on project 
implementation; (3) The well-defined program goal and fbnding commitment from federal 
government has encouraged industrial participation. As a result, industry has shared more 
than 50% of the programs cost with new money; (4) The DOE share of project cost growth 
was capped at 25%, which has incentivized industry to be more cautious about project risk; 
(5) Industry was authorized to design, build, operate and own facilities, which made full use 
of industry expertise and resources; and (6)In general, the program created a degree of 
competition for a range of technologies, which has helped hedge the program risk. 
Notwithstanding the achievements, some problems exist in these programs, of which the 
major ones are: (1) imbalanced RD&D structure caused by gaps in high efficiency 
combustion, application of modeling and simulation in ACT R&D, under-investment in basic 
research and applied R&D, insufficient university and national laboratory participation in 
R&D programs, and weak international collaboration, especially that with China; (2) 
deficiency in program management such as some political influence on project selection and 
operation, inefficient termination of unpromising projects, and design of inefficient programs 
such as the CCPI and over risky demonstration programs such as FutureGen. FutureGen, in 
a number of important respects such as goal defining, funding mechanism and technology 
option, presents a contrast to the CCTDP, the organization features of which have produced a 
number of successes. This elevates risk of failure of the program. 
Going forward, the DOE should (1) strive for more balanced program structure by 
enhancing R&D program and W h e r  diversifying technology options, with special attention 
on high efficiency combustion R&D and application of modeling and simulation; (2) draw in 
the successful experience of the CCTDP for efficient program design and management, 
especially in reconsidering program organization of FutureGen; (3) improve the processes of 
demonstration project selection and termination of unpromising projects in terms of 
minimizing political pressure on them; and (4) enhance university and national laboratory 
participation in R&D programs and Sino-U.S. collaboration on ACTS through joint RD&D on 
IGCC, USC, and pollution control devices. The collaboration may seek breakthrough with 
Chinese coal industry as a start. 
Thesis Supervisor: Ernest J. Moniz 
Professor of Physics and of Engineering Systems 
Director of Energy Studies, 
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Introduction 
Portfolio evaluation is a powerful tool for analyzing governmental technology research, 
development, and demonstration (RD&D) programs and assessing their efficacies in 
achieving overarching public goals. In investment, a portfolio management approach refers 
to a selection of investments that will maximize returns over time while mitigating risk. 
RD&D portfolio evaluation is an analysis tool for assessing the likelihood that research 
investments will support overarching goals (public goals for federal RD&D), typically 
through a mix of long term, higher risk, higher payoff programs and shorter term, lower risk 
programs aimed at specific returns. Demonstration programs in the portfolio are aimed at 
moving R&D results to the marketplace, presumably to overcome a market imperfection that 
impedes technology introduction. Evaluating the efficacies of federal RD&D programs and 
identifying directions for optimizing program management are important to maximizing the 
value of the public investment. A portfolio perspective can contribute to this maximization. 
At present, there is a major emphasis on advancing coal technology RD&D programs in 
the U.S. Advanced coal technologies (ACTs) are a family of technologies that aim to 
achieve higher efficiencies and/or lower emissions in coal utilization. In the U.S., the ACT 
advancement has enjoyed long-standing governmental and public interest and proceeded with 
a number of large-scale, long-term RD&D programs managed by the Department of Energy 
(DOE) over the last quarter century. Over the past 30 years, the programs have been funded 
by the government and industry and have cost taxpayers about $10bn.' In recent years, 
national interest in ACTs has been rekindled along with the rapidly increasing energy demand, 
the soaring natural gas prices, and the more stringent emissions standards. Major new 
programs have been advocated by the current Administration, with significant Congressional 
support. In such a context, a portfolio evaluation will be of significance in terms of both 
reviewing the history and looking forward to the future to identify pathways to maximize 
return on public investment in ACT RD&D. 
This paper provides a portfolio evaluation of the U.S. ACT RD&D from an historical 
perspective. The historical and portfolio perspective allows us ( I )  to understand how the 
public funds have been spent on these programs; (2) to determine if the programs have been 
well aligned with their overarching goals; and (3) to evaluate how well the programs integrate 
with and reinforce each other to achieve their overarching goals. The evaluation is based on 
a framework that consists of four categories of criteria: strategy, diversity, partnership, and 
project criteria. By analyzing the balance of the portfolio structure and the successes and 
the failures of the programs in technical, financial and managerial respects according to these 
All dollar figures are in constant 2003 dollars unless otherwise noted. From 1978 to 2000, DOE has spent 
about $8.5bn on these programs, and from 2001 to 2005, about $1.4bn (NRC, 2001; The budget summaries of 
the Office of Fossil Energy at DOE, http://www.fossil .energ;~.~ov/aboutus/bl) .  
criteria, the paper presents recommendations for future clean coal expenditures and coal 
program design and implementation. The evaluation and recommendations are relevant 
given that the U.S. government has pledged to invest billions of dollars over the next 10 years 
in coal R&D and in the Clean Coal Power Initiative and FutureGen demonstration programs. 
We hope the recommendations will stimulate constructive discussions about better ways to 
spend public funds on ACT RD&D. 
As a complementary analysis to the above, the paper also investigates coal use in China 
and examines the Chinese efforts in ACT area, considering the facts that China is a major 
coal producer and consumer, and that the Chinese government and industry are eager to 
develop ACTs to meet its energy demand and environmental requirements. However, given 
the difficulties in collecting necessary information, the evaluation of Chinese ACT RD&D 
activities is limited. It is guided by the intention to find a potential area in which 
collaboration between the U.S. and China could generate high leverage, perhaps in terms of 
reducing ACT demonstration costs and increasing the share of American ACTs in Chinese 
market. The analysis derives implications for promoting Sino-U.S. collaboration in ACTs. 
Chapter 1 discusses the roles of coal and advanced coal technologies in a greenhouse gas 
(GHG) constrained world. Chapter 2 provides an historical overview of the U.S. DOE ACT 
RD&D programs. Chapter 3 evaluates the DOE programs from a portfolio point of view. 
Chapter 4 presents somewhat limited information available on the Chinese RD&D activities 
and Sino-U.S. collaboration in ACT area. Chapter 5 draws conclusion on successes and 
problems in DOE RD&D programs and proposes recommendations on correcting the 
problems and improving Sino-U.S. collaboration in ACTs. Since coal is used primarily in 
the electric power sector in the U.S., this paper focuses on ACTs in power generation. 
1 Coal in a Greenhouse Gas Constrained World 
Coal is the most abundant fossil fbel and it is widely distributed in the world. Estimates 
of the world's total recoverable reserves of coal in 2004 are about 1,083 billion tonnes (EM, 
2004). At the current ratio of coal reserves to production, coal reserves could last for 
another two centuries. Coal can be found in every continent in the world, and its reserves 
are distributed across almost 80 countries. About 69% of the world's recoverable reserves 
are located in four countries: the United States (25%), the former Soviet Union (23%), China 
(12%), and India (9%) (EIA, 2005). 
The abundance and the wide distribution of coal, combined with its low cost of 
utilization, have made it one of the dominant kels in the world energy supply mix--coal 
represents nearly 30% of global fossil fuel consumption (EM, 2005). The Energy 
Information Administration (EIA) forecasts that the world coal consumption will be 
continuously increasing in all economic growth scenarios (Figure 1). China and the United 
States are the largest and the second-largest coal users in the world, respectively. Their 
combined coal consumption in 2003 was 2.66 billion metric tons (Gt) , which accounted for 
more than half of the world's total coal consumption. 
Figure 1. World Coal Consumption, 1979-2025 
(Source: A E02005) 
The process of coal consumption (from mining through processing to combustion), 
however, is plagued with environmental pollution problems. This results in severe 
local/regional airlwater pollution and contributes significantly to global warming. The 
negative environmental impact associated with coal usage has caused worldwide concerns. 
In developed countries, coal use has been suppressed because of these concerns, for example, 
the U.S. did not build new coal-fired power plants in the 1990s. In developing countries, 
such as China, although coal use is unrestrained because of its low costs and the tremendous 
energy demand for economic growth, coal-derived air pollution is also receiving i:s -: 
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Global economic growth, especially that in the developing world, has rekindled interest 
in coal in the U.S.. The rapid economic growth in countries such as China and India has 
forced these countries to join the global competition with developed countries for energy 41; 
resources, which has tightened the global energy supply and driven up oil and natural gas ?!'- 
prices. In this context, the U.S. has enhanced its effort to seek more energy supply options 
to secure its energy supply. Coal, with its large reserves in the U.S. and China, has shown 
itself as an important player in the nations' energy system. - .  ----- - --- 
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Coal is a critical component of the U.S. energy system. The U.S. has $Wed coal 
reserves of about 250 billion tomes, comprising 90% of the combined U.S. energy reserves 
(EIA, 2005). The EIA reported in its Annual Energy Outlook 2005 (AE02005) that coal 
consumption accounted for 23% of the tatal energy consumption in 2003, outranked by only 
petroleum and natural gas. Its projection ofthe U.S. energy consurnpdon by he1 is shown 
in Figure 2. The total coal consumption is projected to increase from 1,095 million short 
tons (22.71 quadrillion Btu) in 2003 to 1,508 million short tons (30.48 quadrillion Btu) in 
: . p t ~ z w i z . r . ~ . a ~  r- 2~3~;: 2025 (an average annual increase of 1.5% based on tonnage). 
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Figure 2. U.S. Enekgy Consumption by Fuel (quadrillion Btu), 1970-2025 
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Coal is also a major he1 for electricity generation, accounting for 5 1% of the electricity 
generation in 2003 (Figure 3). In the AE02005, the total coal consumption for electricity 
generation is projected to increase by an average of 1.6% per year, h m  1,004 million short 
tons in 2003 to 1,425 million short tons in 2025. The AE02005 also forecasts that 87 
gigawatts of electricity (GWe) of new coal-fmd generating capacity will be built between 
2004 and 2025. 
Figure 3. U.S. Electricity Generation by Fuel (billion kilowatt-hours), 1970-2025 
(Source: AE02005) 
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In China, caal provides more than 70% of the primary energy, aml its proved recoverable 
reserves are about 126 billion short tons. According to the China MAR= model (Wu et 
al., 2001), the total coal demand is proj to grow from 952 million metric tons of coal 
equivalent (mtce) (26.47 3126 qusdrillion Btu) in 
2030 and 3494mtct f9.7.M quadrillion Btu) in 2050 (ea mi in;- of 4.8%) 
(Figure 4 and Figure 5). Electriclv inabs coal demand p w t h  at present. 
From 1985 to 2000, electricity by neatly l,OOOTWh, 84% of 
which was d -W In 2001, coal-fired power plants aaaunted fw 81% of the total 
electrioity on. Coal~ose'b tl# @1ept~b&y scntor:is pmjsrc#dto grow by 4.1% per 
year, from 10.7 qusWl1'5oin BN in 2QOf to 28.2 qwdrlllion Btu in 2025. @IA, IE02004). 
The projected growth in coal d e m d  implies q f d  growth in coa l - fd  power 
generation capacity in China. China's total installed power generation capacity in 2004 was 
about 440GWe (Chinanews, 2004), of which about 80% were coal-fired. According to the 
International Energy Agency (IEA), the total capacity will increase about 800GWe by 2030, 
at least 60% of it will be coal-fired. 
1.2 Coal as a Contributor to Air Pollution and Greenhouse Gasses 
Combustion of coal produces several types of emissions that adversely affect the 
environment. The five principal emissions associated with coal consumption in the 
electricity and the end-use energy sectors are carbon dioxide (C02), sulfur dioxide (SO2), 
nitrogen oxides (NO*), fine particulate matter, and mercury. 
1.2.1 Coal as a Contributor to Greenhouse Gasses 
:. 
Among all the greenhouse Cf& is the mqjor ~ontribubx to @&a1 warming due to 
human activity. Coal is the most Wmiw PO@ &el its 
energy is typically not efficient. This 
emitted--coal accounts for 37% of global fossil fie1 emissions of C@ @&Farland et al., 
2004). 
The U.S. is the largest emitter of use gasses. In 2003, its total C@ emissions 
were 5,870.2 million metric tons, of which 98.6% (5,789 million metric torn) came from 
energy use and 39% from electric power sector. Coal wage awouted for about 36% of the 
total fossil energy-related C@ a n w m  (Figure 6). C-1-kkexl electricity generation 
emitted 1,904.3 million metric tolrs of CO1, aimunting for 32.4% of the total emissions and 
83% of the electricity-related emissions. It is forecasted that the C@ emissions from energy 
use will increase to 8,062 million metric tom in 2025 (an average m w l  increase of 1.5%), 
with electric power sector sharing about 41% of it. In 2025, coal is projected to account for 
55% of the power industry's electricity generation and 84% of electricity-related C02 
emissions2 (EIA, AE02005). 
Figure 6. U.S. Fossil En~rgy-R&&d. C@ Ernissicma by Fuel (million tames), 1990-2002 
(Data Source: AE0200.3) 
The AEQ pkojeations do not iilchde policy actbm or 
emissions. 
China is currently responsible for slightly more than one-eighth of the world's total fossil 
fbel-based carbon emissions, ranking the second in the world and below the U.S.. Overall, 
the fossil fuel-related emissions of C02 in China have increased by more than one-third fiom 
1990 levels. An historical summary of C02 emissions from fossil fuel use in China is 
shown in Figure 7. Most of the energy consumption related C02 emissions come from coal 
use. Coal-burning emitted 2.8 billion metric tons of C02 in 2003, accounting for about 85% 
of its total C02 emission. " . - 
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Change forecasts that the world carbon emissions under a Business As Usual (BAU) scenario 
would be about 1.8 times higher than those under a Carbon Tax scenario , the U.S., about 1.5 
times higher, and China, about 3 times higher. The model also shows that under the BAU 
scenario, China's carbon emission levels would catch up with those of the U.S. in the middle 
of this century. 
The projection implies that 'if the world does not take prompt action against carbon 
emission$ the emission levels will rid rapidly and could re so high that the damage 
to the e%konnii&~t $ill& irrbvkki6lei hd'thk Given the , 
large and increasing portion of China's carbon emissions in the world carbon emissions, m 
should China not id the global carbon emission reduction effort, the tremendous 
amount of C02 it would emit would possibly make in vain the efforts of the rest of the world. 
Therefore, fmding an appropriate mechanism to involve China in the global effort of carbon 
emission reduction should be a critical part of the course. It is to the benefit of the U.S. in 
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terms of both cost reduction and effectiveness of action to actively seek collaboration on 
ACTS with China. 
1.2.2 Coal as a Contributor to Air Pollution 
In addition to C02, coal combustion also emits a large amount of SO2, NOx, particulate 
matters and mercury. These pollutants cause severe local/regional air pollution. 
- SO2 and NOx both combine with water in the atmosphere to create acid rain, which 
acidifies the soils and water, killing off plants, fish, and the animals that depend on 
them. 
- NO, and fine airborne particles exacerbate asthma, reduce lung function and cause 
respiratory diseases and premature death for humans. Smog formed by NOx and 
reactive organic gasses causes crop, forest and property damage. 
- Mercury concentrations in the air usually are low and of little direct concern. 
However, when mercury enters water, either directly or through deposition from the 
air, biological processes transform it into methylmercury, a highly toxic chemical. 
Methylmercury accumulates in fish, and animals and humans that eat fish and thus 
cause both neurological and developmental damage in humans and animals. 
In China, the large and inefficient use of coal is causing severe environmental damage. 
Emissions of particulates and SO2 are creating serious local and transboundary environmental 
problems. Until recent years, the government was preoccupied with meeting electricity 
demand and did not assign high priority to controlling emissions. Many cities across China 
suffer from air pollution problems. In 2003, 63%of the 330 Chinese cities being monitored 
had poor air quality. About 30% of China's territory now experiences acid rain precipitation 
resulting fiom SO2. About 34% (6.6 million tons) of the country's total SO2 emissions in 
2002 were released fiom power plants (EIA, IE02004). Because more than 80% of China's 
electricity comes fiom coal-fired plants, the country faces a challenge in providing adequate 
supplies of electricity while trying to reduce SO2 emissions, particularly near major cities. 
Given that rolling blackouts were a feature of China's electricity markets in 2003, the 
difficulties are sure to mount in the future. 
In the US, coal combustion also is the major cause of SO2 and NO, emissions. More 
than 95% of the SO2 produced by generators, 25% of NOx emissions, and about 40% of all 
mercury emissions results from coal combustion. However, along with the enforcement of 
the Clean Air Act, SO2 emissions are cut in response to tightening regulations. Total SO2 
emissions are projected to decline from 10.6 million tons in 2001 to 9.0 million tons in 2025. 
NOx emissions from electricity generation in power sector are projected to stay below 2000 
levels as new regulations take effect. 
1.3 Development of Advanced Coal Technologies 
In an energy hungry world, the challenge for coal, a major energy provider, is to further 
substantially reduce its greenhouse gas and other emissions, while continuing to benefit from 
using it. Historically, concerns over the environmental externalities of coal usage have been 
driving the development of clean coal technologies (CCTs). CCTs are a generation of 
energy processes that sharply reduce the pollutants and, therefore, facilitate the use of coal in 
an environmentally satisfactory and economically viable way. There are two approaches to 
reducing the pollutants. One approach is to reduce emissions by reducing the formation of 
pollutants and/or cleaning the exhaust gasses after combustion. Another approach is an 
integration of three methods, to include: (1) increasing the conversion efficiency in order to 
reduce coal consumption; (2) cleaning exhaust gas; and (3) treating effluent and reusing 
residues. 
Coal is part way down a technology pathway that has already delivered major 
environmental improvements. CCTs have already been developed to be capable of almost 
entirely eliminating local and regional pollutants (particulates, NOx and SO2) from coal-fired 
power generation. The challenge with these technologies is to increase the extent of their 
global use. New, more efficient power plants reduce emissions of C02, and research and 
development into C02 capture and storage is paving the way for a low carbon future. These 
ACTS, which include CCTs and carbon avoiding technologies, hold out great promise as 
potentially viable longer-term options to make coal a mainstay of future economy. 
So far, some technologies for coal-based power generation have been well established 
and commercially available, backed by large-scale operating experience in a number of 
countries. Others are still at the research and development or demonstration stages. These 
technologies can be classified into four categories, which are illustrated in Figure 8. 
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Figure 8. Advanced Coal Technologies for Power Generation 
1.4 Role of ACTs in the U.S. and China 
To make full use of coal without causing severe damage to the environment, the U.S. and 
China have invested in the innovation of advanced coal technologies (ACTs) to reduce 
emissions and to improve performance. In the U.S., the Department of Energy (DOE) has 
been sponsoring, with the industrial participation, the research, development and 
demonstration (RD&D) of ACTs through its R&D programs and demonstration programs 
since the 1970s. In China, R&D and demonstration in ACT have also been receiving 
funding fiom the government and industry. Over the past 30 years, these efforts have led to 
the research, development, demonstration and deployment of a large number of lower-cost, 
more efficient and environmentally compatible technologies for power-generation, pollution 
control, coal-based clean fuel production, and industrial application. They help meet 
various regulations covering emissions, effluents and residues and offer, in some situations, 
the possibility of satisfying even more stringent standards at an acceptable cost. 
In a greenhouse gas constrained world, there will be great needs for ACTs in both the 
existing fleet of coal-fired power plants and future near-zero emission plants. Current plants 
need technologies to help meet current and emerging regulations, especially for mercury, NOx, 
and particulate matter. Future plants need cost-effective technologies for near-zero 
emissions and managing C02. To effectively use the existing infrastructure for a healthy 
economy, ACTs will be needed to replace existing plants and to meet increased power 
generation needs. The current U.S. coal-fired generation capacity is about 305GWe (Eyster, 
2004). The EIA projects that 87GWe of new capacity, including 16GWe of IGCC plants, 
will be added by 2025. Therefore, the future U.S. market for ACTs is huge. 
Despite the very positive prospects for employing ACTs, however, there are severe 
constraints on application of these technologies in both countries. The major problem is that 
many of the ACTs are not considered proven technology. There has not been sufficient 
worldwide experience with these technologies to establish sound databases for companies' 
reference about their capital costs, construction time, and operational performance. 
Consequently, it is very difficult to generate financing fiom private capital markets for these 
new and unproven technologies. Further research and development and extensive 
demonstration are essential for wide deployment of these technologies. 
The case is even more complicated and uncertain in China. First, although Chinese are 
eager to import new technologies, demonstration of the adaptability and viability of the new 
technology in Chinese market will require extra effort. This adds more challenge to 
importing ACTs into China even if they were proven. Second, given the insufficient 
domestic and international capital investment in China's power sector, investment decisions 
are biased towards solutions that take lower upfront costs. ACTs typically require higher 
capital costs for their higher efficiency and better environmental performance than 
conventional pulverized coal-fired plants and, therefore, often deter investors. Third, China 
is now able to build pulverized coal-fired plants and manufacture equipment for them at the 
lowest costs in the world. It would require huge effort to turn around the infrastructure for 
application of new ACTs. Therefore, if earlier application of ACTs is expected in China, 
international collaboration in both technology and finance respects will be critical. 
Notwithstanding the challenges mentioned above, a huge market exists in China for U.S. 
ACTs, which may lack domestic near-term applications. This market is growing because of 
increasingly stringent environmental regulations and performance requirements. Potential 
collaboration opportunities exist between the two countries, which could generate benefits for 
both. Provided appropriate collaboration mechanisms, the U.S. technology providers could 
benefit from more deployment in China by accumulating experiences to improve their 
technologies and to cut manufacturing costs, while China could take advantage of the 
American ACTs to accelerate its development. 
2. Portfolio Overview of U.S. DOE ACT RD&D 
Since the 19605 the U.S. DOE has conducted a number of RD&D programs in ACTS. 
The driver of the programs is the increasing and evolving concerns over the negative 
environmental impact of fossil fuel usage, which are reflected in the 1970 Clean Air Act and 
its amendments in 1977 and 1990, and the Clear Skies Initiative proposed in 2002. The core 
objective of the programs is to develop innovative, low-cost and efficiency-boosting 
technologies to tap the 1 1 1  potential of coal while complying with increasingly stringent 
source emissions and environmental standards, including possible constraint on carbon 
dioxide emissions from power plants. 
From 1978 through 2005, the DOE has spent about $10 billion on the programs. From 
1978 to 2000, about $8.7 billion was spent on coal conversion and utilization, environmental 
characterization and control, advanced turbines and magnetohydrodynamics, which has led to 
realized economic benefits of $4.8 billion, options for the future, and significant knowledge. 
According to the Committee on Benefits of DOE R&D on Energy Efficiency and Fossil 
Energy, ". . .these benefits substantially exceed their cost and led to improvements to the 
economy, the environment, and the security of the nation.. .." (NRC, 2001) 
2.1 Portfolio Structure 
This chapter regards all DOE'S coal-related RD&D programs (except coal-derived 
transportation fuels and distributed generation) as a portfolio, although they have not been 
explicitly managed as a portfolio in reality. The virtual portfolio (referred as "the portfolio" 
hereafter) consists of R&D programs and large-scale demonstration programs for 
technologies that have progressed through the R&D stage. The early programs focused on 
addressing the environmental concerns of the time--primarily over the impact of acid rain on 
forests and watersheds, and the health impact of NOx and particulates. The recent programs 
extend their attention to additional environmental concerns that emerged more recently in 
public discourse--the potential health impacts of trace mercury emissions and the impact of 
greenhouse gasses on global climate change. New programs seek for solutions for reducing 
trace emissions of mercury, reducing or eliminating C02 emissions, and increasing fuel 
efficiencies through development of a suite of technologies-gasification, combustion, 
advanced turbines, carbon sequestration, and advanced research in materials, catalysts, 
instrumentation and sensors, and advanced computer systems. Current research in advanced 
coal technology has been directed toward developing coal-based syngas and hydrogen fuels. 
If coupled with sequestration, this will allow greater use of coal with "zero" emissions. 
The structure of the portfolio is shown in Figure 9. The R&D programs include: 
Advanced Combustion Systems, Pollution Control Innovations for Today's Power Plants, 
Gasification Technologies (referred as IGCC sometimes), the Turbines of Tomorrow, Carbon 
Sequestration Core Program, and Advanced Research. The demonstration prognuns 
include: Clean Coal Technology Demonstration Program (CCTDP), Power Plant 
Improvement Initiative Program (PPII), Clean Coal Power Initiative' (CCPI), and FuhveGen 
(pre-commercial demonstration). The tirnelhes &f tfie programs are s h 6 h  in Figure 10. 
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The budget appropriations for C & ~ ~ ~ O ~ S  of the Office of Fossil Energy at DOE fkom 
FY200 1 to FY2005 are shown in Figure 1 1 and Figure 1 2. About 60% of federal funding 
for fossil energy R&D has been spent on coal programs, of which nearly half (except 2005) 
has been invested in demonstration programs and the balance, the R&D programs. Among 
the RdtD programs, the Gasification program has received the largest portion of the fbnding, 
and the Advanced Research and the Carbon Sequestration programs, the second largest 
Figure 1 1. DOE Funding Allocation by Program (million dollars), 200 1-2005 
lo?! 
Figure 12. DOE Funding Allocation by Program (%), 200 1-2005 
portion. In this period, the appropriations for the Gasification (IGCC), the Carbon 
Sequestration and the Advanced Research programs have been increasing, while that for the 
Combustion program has been decreasing steadily. The appropriations for the Turbine and 
the Pollution Control programs have remarkably decreased in FY2002 and roughly kept 
unchanged since then. It is worth noting that in FY 2005, demonstration programs received 
less than half of the funding they used to receive in previous years. 
2.2 Demonstration Programs 
Clean Coal Technology Demonstration Program 
Before the late 1980s, only a few options existed for reducing pollutants released from 
coal, and almost all were expensive. In 1984, Congress initiated a joint program, the 
CCTDP, between DOE and industry and state agencies. The goal of the program was to 
accelerate the commercialization of advanced coal technologies through commercial-scale 
demonstrations. It focused on commercializing processes that helped reduce SOz and NOx 
emissions and demonstrating more efficient and environmentally friendly alternatives to 
traditional pulverized coal boilers. The program is managed by the National Energy 
Technology Laboratory (NETL), a national laboratory affiliated with the Ofice of Fossil 
Energy of DOE. 
From 1986 though 2000, the program has spent $1.4 billion3 federal funds and $2.6 
billion4 private funds on 35 projects though five rounds of solicitations (See Appendix 1 for 
the major facts of these projects). As of March 2005,32 projects have been completed and 
the remaining three projects in operatiodfinal reporting phases are planned to be completed 
between 2006 and 2007. More than 55 individual electric generators serving 33 states, more 
than 50 technology developers and 30 engineering, constructing or consulting firms have 
participated in this program. Participating utilities operate more than 170GWe, about 25% 
of U.S. capacity and consume 36% of U.S. coal production (CCTDP, 2005). 
CCTDP projects fall into four categories. The allocation of the total funding is shown 
in Table 1. 
- Environmental control devices: The major achievements in this sector of the 
program turned out to be the low-NO, burners. Before the CCTDP, low-NO, 
burners were available but not trusted by the market because there were no operating 
data available for the power plants to make decision. The CCTDP demonstrated the 
superior economic and environmental performance of low-NOx burners, which 
In 1999 dollars. The DOE share does not include $1 17,701,000 obligated for withdrawn projects and audit 
expenses. 
4 In 1999 dollars. 
accelerated their commercialization. Nowadays, ~OW-NO, burners have been fully 
integrated into the market. In addition to ~ow-NO, burners, scrubbers (FGD) for 
SOz removal were also improved from expensive multiple-vessel systems to 
single-vessel systems that are more reliable and cheaper (Kripowicz, 2005). 
Table 1. Total Funding Allocation by Category (CCTDP) (Costs: million dollars) 
- Advanced power generation technologies: A large portion (68% of the funding) of 
Category 
Environmental Control Devices 
Advanced Power Generation 
Coal Processing for Clean Fuels 
Industrial Applications 
Total 
the program concentrated on this sector, in which the predominant technologies were 
Integrated Gasification Combined Cycle (IGCC) and Fluidized Bed Combustion 
(FBC). Through the program, FBC was scaled up from small capacity (below 
utility size) to 100-250MWe (net) and commercialized at utility scale, while IGCC 
emerged as the key development pathway in respond to the climate change concerns 
and was brought to the point of commercialization. 
- Coal processing for clean fuels: In this sector, technologies such as producing 
methanol from coal-derived syngas were demonstrated to be workable. However, 
their commercialization is unlikely to happen unless oil prices are assumed to remain 
above $40-45harrel for an extended period or disruptive innovation happens in 
reaction chemistry or catalysis (McFarland, 2002). 
- Industrial applications: The important technology demonstrated in this sector is the 
direct injection of granular coal into blast furnace. It enabled replacing expensive 
coke with coal as feed to blast furnace, which reduced the fuel cost and improved the 
environmental performance of the steel-making process. 
As of March 2005, eight out of the 3 1 completed projects have accelerated technology 
commercialization and generated commercial sales (Table 2), while five other projects 
provided options benefits5 (Table 3). These realized and options benefits were mainly 
generated from the projects that demonstrated three technologies: low-NOX burners, 
selective catalytic reduction for NOx and IGCC. The IGCC demonstration projects may 
"Options benefits may be credited to demonstrated technologies for which the costs and performance are well 















































Table 2. CCTDP Projects with Commercial Sales (McFarland, 2002) 
bear fruit fairly soon given the current interest in building such plants expressed by 
coal-burning utilities. 
It is worth noting that (1) the total of the DOE funding for the projects that generate 
realized and options benefits are about $567m, accounting for only one third of the total DOE 
share of the program funding; and (2) NOx control technologies account for 99.5% of all 











































































































































2.6%6 of the total program funding. 
Table 3. CCTDP Projects with Options Benefits 
Power Plant Improvement Initiative Program 
The Power Plant Improvement Initiative (PPII) Program was established by DOE on 
October 1 1,2000 to demonstrate advanced near-term technologies that increase efficiency, 
lower emissions, and improve economics and overall performance of coal-fired power plants. 
The program is managed by the NETL and includes six projects valued at $1 05 million, $47 
million of which requested from the federal government. The $47 million federal funds 
come from the leftover funds for the CCTDP. Five of the six PPII projects focus on 
NO, control technologies received 17% of the environmental control funding, and environmental control 
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technologies enabling existing and new coal-fired power plants to meet increasingly stringent 
environmental regulations at the lowest possible cost. One project aims to improve 
by-product utilization, performance, and reliability of power plants. By October, 2004, two 
projects are operating, two are under construction, and two are still in the pre-award phase 
(DOE, 2003) (See Appendix 2). 
Clean Coal Power Initiative 
Building on the success of the public-private partnerships in CCTDP, DOE embarked on 
a follow-on program called the Clean Coal Power Initiative (CCPI), a cost-shared 
partnership between the government and industry. Initiated by President Bush in 2002 as 
part of his National Energy Policy, CCPI is an innovative technology demonstration program 
that aims to accelerate commercial deployment of more efficient clean coal technologies 
among new and existing power plants in the U.S. and abroad. Technologies emerging from 
the program will help to meet the President's new environmental objectives stated in the 
Clear Skies Initiative (CSI), Global Climate Change Initiative, FutureGen, and the Hydrogen 
Initiative. This ten-year initiative is to be funded at a total Federal cost share of $2 billion 
with a matching cost share from industry of at least 50%. From 2002 to 2005, about $0.5 
billion of federal funding has been appropriated for the program. 
By December 2004, CCPI has granted two rounds of project, the total budget of which is 
about $2.19bn. The DOE will invest about $667m (30.4%) in these projects. The Round I 
projects emphasize technologies that are applicable to existing power plants and also include 
construction of new plants. The Round I1 projects provide opportunities for the 
demonstration of advanced technologies developed under the R&D programs, such as 
gasification processes, advanced turbines, membranes, he1 cells, hydrogen production, and 
other technologies. The details of the projects can be found in Appendix 3. 
FutureGen 
FutureGen is a Presidential initiative announced in February 2003. It is intended to 
build the world's first "zero" emissions power plant integrating coal gasification, hydrogen 
production, and carbon sequestration. The $1 billion, 1 0-year project is a 
government/industry partnership in which the power industry will be asked to organize a 
consortium to manage the project and provide at least 20% of the costs for initial planning 
and research and at least 50% of the costs for demonstration. The program will pursue an 
innovative 'showcase' project focused on the design, construction and operation of a 
technically cutting-edge power plant. International collaboration on research, development, 
and deployment of carbon sequestration will be invited through the Carbon Sequestration 
Leadership Forum. Potential partners for this project include developing countries. 
The plant will be sized to generate about 275MW of electricity, and is expected to 
capture at least 90% of the plant's COz initially, with the potential of 100% capture. It will 
employ IGCC and COz capture and sequestration technologies and establish the technical and 
economic feasibility of producing electricity and hydrogen from coal, while capturing and 
sequestering the C02 generated in the process. The project will be supported by the ongoing 
coal R&D program, which will be the principal source of technology for the prototype plant. 
The details of the FutureGen program can be found in Appendix 4. 
In the operational phase of the project, the revenue streams generated from the sales of 
electricity, hydrogen and C02 will be shared among the project participants (including the 
U.S. Government) in proportion to their respective cost-sharing percentage. 
2.3 R&D Programs 
Since early 1960s, the Office of Fossil Energy at DOE has conducted basic and applied 
R&D on coal technologies. Over the years, it has built up six programs that address the 
major issues emerging in response to the technical, economic and environmental demands of 
coal-based power generation. The six programs have been developing improved coal power 
systems that are cleaner and more fie1 efficient. 
Advanced Combustion Systems 
The Advanced Combustion Systems Program can be traced back to early 1960s, when 
the Interior Department's Office of Coal Research, one of the forerunners of the Energy 
Department, began studying the FBC concept. The R&D in FBC technology has since 
made significant advances through federal R&D partnerships with private sector developers, 
and has supported the commercial success of the technology in other countries in the 1990s. 
Besides innovations in burner designs, refractory materials, and high-temperature heat 
exchangers, the program developed a line of technologies that include: 
- Atmospheric fluidized-bed combustion systems (FBC); 
- Circulating fluidized-bed combustion systems (CFBC); 
- Gasification fluidized-bed combined cycle systems (GFBCC); 
- Pressurized fluidized-bed combustion systems (PFBC) (dropped due to high cost of 
the technology); 
- Advanced circulating pressurized fluidized-bed combustion combined cycle systems 
(APFBC); 
- Indirectly fired power systems (IFPS); and 
- Low emission boiler systems (LEBS). 
A list of the projects funded in this program since 1986 can be found in Appendix 5. 
With many of the combustion advances of the last quarter century moving into 
commercial use, the program has now been refocused to new "hybrid" technologies--typically 
coal-based power generation systems that combine combustion and gasification into a highly 
efficient, environmentally clean power-generating technology. Currently, the program 
works towards the following goals: (I) to develop coal-based gasifier-combustor "hybrid" 
power systems that would achieve, by 201 0, thermal efficiencies above 50% at a capital cost 
of $1000kW or less; and (2) to develop an advanced "hybrid" as a candidate core technology 
for the Vision 2 1 * power plant by 20 1 5. 
Pollution Control Innovations for Today's Power Plants 
Since late 1970s, the DOE and industry have looked increasingly to pollution control 
technologies to meet tightening regulatory standards for clean air and water imposed by the 
Clean Air Act (CAA) and its amendments (CAAA) and the Resource Conservation and 
Recovery Act (RCRA). A primary focus of the efforts is to develop innovative concepts that 
can be retrofitted to the roughly 320GWe of existing baseload coal-fueled power generating 
capacity in the United States. After decades of experience from RD&D activity and 
full-scale operations, a portfolio of enyironmental control technologies and a knowledge base 
of scientific data and regulatory analyses have been developed. Advanced emission control 
technologies for particulates, SOz, and NO, are now available for almost all commercially 
operating, large-scale power plant boiler configurations. 
Currently, the major technologies focused on in the program include: advanced NOx 
controls, mercury controls, particulate controls, coal utilization by-product research, and 
water management research. Mercury control technologies for large scale application at 
lower cost is receiving special attention in response to the Clean Air Mercury Rule issued by 
the EPA on March 15,2005. A list of the projects funded since 1994 can be found in 
Appendix 6. 
Gasification Technologies 
Initially out of the national concern for energy supply alternatives, the DOE and industry 
have invested billions of dollars since 1970s in gasification technologies that mainly use coal 
as a fuel. Over the decades, the efforts have resulted in important achievements such as 
advancing from entrained-flow gasifier to transport gasifier, from cold-gas cleanup to 
Vision 21 is a futuristic energy concept that aims to develop, by 2015, the core modules for a fleet of 
fuel-flexible, multi-product energy plants. The plants generate electricity at market prices while meeting the 
following goals: (1)to boost efficiencies to 60+% HHV for coal-fueled generation, 75+% LHV for gas-fueled 
generation, and 75-80% thermal for combined heat and power generation; (2) to emit virtually no pollutants 
with carbon sequestration release minimal or no carbon emissions. 
experimental-stage hot-gas cleanup, and reducing cost for oxygen-separation ceramic 
membrane and bringing it to pilot scale. Modern technology for gasifying coal and other 
fossil fuels to produce syngas has reached a stage of commercialization for large scale utility 
application. The current level of IGCC development represents major improvements in the 
thermal efficiency of coal-based power generation and a significant option for the GHG4 
emissions reduction through reduced coal consumption combined with efficient COz capture 
and sequestration. 
Currently, the Gasification Technologies R&D program is focused on the future 
gasification concepts that offer significant improvements in efficiency, he1 flexibility and 
economics. Its objective is to develop, by 20 10, advanced power systems capable of 
achieving up to 50% thermal efficiency at a capital cost of $1 0001kW or less for a coal-based 
plant. It encompasses a mix of near-term, mid-term, and long-term R&D projects as well as 
laboratory and proof-of-concept demonstration projects in six areas: 
- Advances in gasifier to improve fuel flexibility, efficiency, reliability, and economic 
and environmental performance; 
- Superior materials, instrumentation, and controls for advanced gasification systems; 
- Novel gas cleaning and conditioning concepts to meet stringent syngas quality 
specifications; 
- Innovative gas separation technologies; 
- Product and byproduct utilization to enhance project revenues and eliminate waste 
streams; and 
- Systems analysis and technology integration to improve plant economics. 
A list of the projects fimded in this program since 1991 can be found in Appendix 7. 
The Turbines of Tomorrow 
The Turbine Program was initiated in 1992 to incentivize the large businesses such as GE 
and Westinghouse to solve the challenge of gas turbine temperatures for the U.S. market. 
Over nine years, the DOE-industry joint effort has accelerated the birth of two 
"breakthrough" gas turbine systems: 
In February 2000, the GE Power Systems presented to the U.S. market the H system, the 
first gas turbine that is capable of operating at 2600°F, surpasses the 60% efficiency threshold, 
and achieves NOx emission levels of 9ppm-compared to 2,300°F and 55% for the prior best 
available system and 18ppm of the average NOx emission levels for commercial turbines; 
In May 200 1, Siemens Westinghouse Power Corporation announced the commercial 
operation of its advanced W501G turbine, which has a 250MWe nominal capacity and a net 
efficiency of approximately 58% in combined cycle application. This is the largest 60-Hz 
gas turbine in the world and is among the most efficient. 
31 
Currently, the program is focused on the research and development required to provide 
turbines that will allow IGCC and other related processes to reach established performance 
goals. The three areas focused are: turbines for coal-derived fuels, turbines for FutureGen & 
carbon management power systems and turbines for advanced coal-based power systems. 
The goal of the program is to develop turbine technology that is capable of efficiently 
utilizing coal derived gasses, including hydrogen, for the production of electricity in 
FutureGen plants by 2008. A list of the projects funded so far can be found in Appendix 8 
Carbon Sequestration Core Program 
This program was initiated jointly by the Office of Fossil Energy and Ofice of Science 
in 1999. It aims to provide a science-based assessment of the prospects and costs of C02 
sequestration for addressing the increasing concern over global climate change. Given its 
high-risk and long-term nature, the program is largely funded by the DOE, while industry 
contributes with funds and experiences. 
The program covers the entire carbon sequestration "life cycle" of capture, separation, 
transportation, and storage or reuse, as well as research needs for the two other major energy 
related greenhouse gasses of concern, methane ( C h )  and nitrous oxides (N20). The areas 
focused are: 
- Cost effective C02 capture and separation processes; 
- C02 sequestration in geological formations including oil and gas reservoirs, 
unmineable coal seams, and deep saline reservoirs; 
- Improved full life-cycle carbon uptake of terrestrial ecosystems; and 
- Advanced chemical, biological, and decarbonization concepts. 
A list of the projects funded in this program can be found in Appendix 9. 
Advanced Research 
This is a pre-engineering research program that started from 1987 and is supported 
jointly by the DOE and industry. It serves as a bridge between basic research and the 
development of innovative systems capable of improving efficiency and environmental 
performance while reducing costs of fossil energy systems. It identifies new directions and 
provides a set of cross-cutting fundamental and applied research programs focused on 
developing the technology base needed for 21'' century power and fuels production plants. 
These programs include: 
- Computational energy science; 
- Materials and advanced metallurgical research; 
- Coal utilization science; 
- Bioprocessing and biotechnology; 
- University coal research; 
- Research by historically black colleges and universities and other minority 
institutions; and 
- International programs. 
Appendix 10 lists the major projects funded under this program. 
As a summary, the major issues targeted and the major technologies focused in the above 















































































































































3. Portfolio Evaluation of DOE ACT RD&D 
This chapter evaluates the DOE RD&D programs from a portfolio point of view. The 
evaluation is conducted on two levels according to the framework developed. First, it 
evaluates the structure and the balance of the portfolio according to the RD&D goals, as 
stated in Section 3.1.1 of the paper, and identifies the problems in some programs in terms of 
goal defining, project selection and program management. Second, it examines several 
projects selected from the programs to analyze their successes and failures and their 
implications for selection and management of future projects. Based on the evaluation, the 
chapter presents recommendations for future clean coal expenditures and coal program design 
and implementation. 
3.1 Evaluation Framework 
Defining the overarching goals of the portfolio is the key to building an evaluation 
framework. As stated at the beginning of the paper, portfolio evaluation focuses on value 
estimation, balance assessment, and goal-consistency check. While these establish the 
foundation of an evaluation framework, the core issue is to determine the overarching 
goals-the portfolio value, balance, and goal-consistency are all dependent on definition of 
the goals. ACT RD&D portfolio comprises a part of the DOE'S Energy Resources R&D 
portfolio (DOE, 2000). Therefore, the overarching goals of the former should be consistent 
with the overarching goals of the latter, which have been defined as strategic, diversity, and 
partnership goals by the President's Committee of Advisors on Science and Technology 
(PCAST, 1999). 
Four categories of ACT RD&D goals are identified, which are strategic, diversity, 
partnership, and project goals. Achieving each of these goals, therefore, becomes the 
evaluation criteria that constitute the framework for portfolio evaluation of the U.S. DOE 
ACT RD&D. 
Strategic Goals (Criteria) 
The programs should reflect the priorities of RD&D needs for the following economic, 
environmental, and energy security benefits: 
- From economic point of view, they should improve the generation efficiency and 
availability, reduce the consumer costs through technology demonstration and 
deployment, and increase market share of the U.S. technologies; 
- From environmental point of view, they should reduce conventional pollutants and 
greenhouse gasses emissions through improvement of generation efficiency, 
emissions control technologies, and carbon capture and sequestration technologies; 
- From energy security point of view, they should help lower the dominance of 
petroleum in the transportation sector by providing alternative fuels, as well as help 
reduce the reliance on oil and, especially, natural gas in the power generation sector. 
Diversity Goals (Criteria) 
The portfolio should include a diversified set of projects with a balance across 
technologies, time frames, and degrees of technical risk and potential impact on the 
technology development. 
Partnership Goals (Criteria) 
The programs should build industrylnational-laboratory/university partnership and, 
especially, involve the industries in the processes of technology development from the 
beginning to facilitate the future technology dissemination. They should also establish 
international collaboration, especially with China, on promoting advanced coal technologies 
through sharing information, facilitating technology transfer, developing international 
partnershipslnetworks for planning and implementation of research, development, 
demonstration and deployment. 
Project Goals (Criteria) 
As the fundamental components of the programs and the portfolio, the projects should be 
selected and evaluated according to the following criteria: 
- From technology point of view, the technologies addressed in the R&D projects 
should integrate new results from basic research and/or communicate technology 
needs to long-term scientific research. Considering the tremendous amount of 
funding involved, the technologies in the demonstration projects should be 
technically ready, and have reasonably high probability of success in 
commercialization. 
- From business and management point of view, the projects selected should have 
feasible financing, management, and appropriate commercialization plans. 
- The project should be able to accomplish its goal(s). 
3.2 Evaluation of the Portfolio 
In general, the RD&D programs encompass most of the elements needed for successfully 
achieving the overarching goals, although a number of problems exist. All the major 
technologies are covered by the different programs to meet the economic, environmental and 
energy security requirements of coal-based power generation. Each individual RD&D 
program contributes to the different respects of the strategic, diversity and partnership goals, 
and complement and reinforce each other in realizing these goals. A summary of how the 
RD&D programs serve the portfolio goals is illustrated in Table 4 (See Appendix 1 1 and 
Appendix 12 for details). In this table, the contribution levels of the programs to the 
portfolio goals are graded as "H(high), "M(medium), "L"(low), "N"(no contribution), and 
"?"(too early to judge now because the program either is on-going or has barely started). 


3.2.1 Successes of the Programs 
Achieving the Strategic Goals 
Economic goals 
The economic goals have been a major focus of the programs. The R&D programs in 
advanced combustion, gasification and turbine contribute to increasing efficiency and 
availability of coal-based power generation through the three fundamental pathways. The 
Advanced Research program provides basic scientific and engineering knowledge for 
innovations in the three areas. CCTDP successfblly demonstrated, on commercial scale, 
the FBC, gasifier and gas cleanup, and advanced turbine technologies developed in the three 
R&D programs as well as those from industry. CCPI is designed to further improve the 
availability and reliability and reduce the costs through more advanced designs and more 
demonstration experience. FutureGen would demonstrate a highly integrated IGCC system 
of high efficiency together with carbon sequestration. 
All the RD&D efforts are building up the economic viability of the American ACTs, 
establishing the leadership of the U.S. in ACT development area, and paving the way for the 
U.S. ACTs to enter intemational markets. For example, demonstration of environmental 
control devices, FBC, IGCC and coal processing technologies in CCTDP has promoted 13 
technologies for entry into international markets (Appendix 1 3). 
Environmental goals 
The programs have made remarkable progress towards the conventional pollutants 
control goals. The Pollution Control program has fostered advance of low-NO, burners, 
cost reduction and reliability improvement of early SO2 scrubbers, and innovations in 
mercury control technologies. CCTDP, PPII, CCPI and FutureGen programs all include a 
significant part of environmental control technology demonstration, aiming to improve the 
performance and reduce the costs of these technologies. Especially, CCTDP has remarkably 
accelerated commercialization of NO, control technologies and FBC (in international 
markets). In addition, the programs engaged in increasing efficiency and availability, as 
mentioned above, indirectly help reduce emissions by decreasing the amount of coal burned 
for the same amount of electricity output. As a result of all these efforts, power plants are 
now provided with a variety of pollutant control technologies that could help meet various 
emissions regulations and have the potential to satisfy even more stringent standards at 
acceptable costs-if the regulations are stringent enough to make these costs acceptable. 
Carbon capture and sequestration is a relatively new topic emerged at the end of last 
century. Correspondingly, it becomes the focus of attention only in recent programs, 
although the IGCC technology focused in the earlier CCTDP and the current CCPI also 
provided the best opportunities for carbon capture. Given its significance to coal usage in a 
greenhouse gasses constrained world, a special program, Carbon Sequestration Program, was 
set up in 1999 to tackle this issue. The program is receiving increasing funds from the 
federal government for core R&D in carbon capture, sequestration, measurement monitoring 
and verification, breakthrough concepts, and non-C02 greenhouse gas control. Carbon 
sequestration infrastructure is being created through the regional partnerships in this program. 
As a test of the carbon capture and sequestration R&D results, FutureGen will demonstrate 
them at a power plant scale. The Advanced Research serves as a source for innovations in 
this area, providing novel membranes, fundamental studies of carbon sequestration 
mechanism, and modeling and simulation for carbon capture and sequestration. Finally, the 
Pollution Control program includes several projects on understanding C02 sequestration 
mechanism, and the Gasification R&D program supports carbon capture through 
oxygen-blown gasification where C02 is emitted as a concentrated gas stream, which can be 
captured more easily and at lower costs for ultimate disposition in various sequestration 
approaches. 
E n e w  security goals 
The programs are helping realize the energy security goals. All the programs contribute 
to improvement of the efficiency and availability of advanced coal power generation, and/or 
the environmental performance of coal-based technologies. These efforts will enhance 
usage of coal and reduce the reliance on oil and, especially, natural gas in the power 
generation sector. 
With regard to producing alternative fuel to lower the dominance of petroleum in the 
transportation sector, IGCC will provide two options. The first is hydrogen production that 
would provide fuel for fuel cell vehicles. The second is indirect liquefaction that produces 
liquid coal-derived fuels. CCTDP demonstrated several coal conversion technologies, 
among which was an indirect liquefaction technology-production of methanol from 
coal-derived synthesis gas using the LPMEOHTM process. Although the technology was 
proved not commercially viable, it served as a good start toward coal-derived transportation 
fuel production. Following this project, CCPI is sponsoring another project using coal 
waste gasification as the basis for clean power, thermal energy and clean liquid fuels 
production. Remarkable progress in this area is expected after IGCC is commercialized. 
Commercialization of IGCC necessitates cost reduction and reliability improvement, which 
count on the Advanced Research program and the gasification R&D program for technology 
innovation, and on CCPI and FutureGen for accumulating construction and operational 
experiences. 
Achieving the Diversity Goals 
From the diversity point of view, the portfolio is basically well structured. Firstly, each 
of the strategic goals is served by a group of basic research, applied R&D, and demonstration 
programs, as described above. This not only establishes pipelines of continuous technology 
innovations and their commercialization, but also provides feedback to R&D efforts. 
Secondly, the portfolio includes five applied R&D programs, each of which specializes 
in one key technology in modem coal-based power generation processes. These R&D 
programs absorb the essence from the Advanced Research, complement, reinforce, and 
integrate with each other to generate innovative technologies for commercial operation test in 
the demonstration programs. 
Thirdly, the portfolio contains both technology innovation, such as novel mercury control 
(under the Pollution Control R&D program and CCPI), and technology diffusion, such as cost 
reduction and reliability improvement of conventional pollutant control (under CCTDP and 
PPI I). 
Fourthly, it also addresses both long-term choices, such as carbon sequestration (under 
the Carbon Sequestration program and FutureGen), and near-term needs, such as retrofitting 
technologies for existing power plants (under PPII). 
Finally, the diversity of the portfolio is reflected in the different degrees of technical risk 
and potential impact of the projects, which vary from high-risk and high-impact projects such 
as high-degree- integration IGCC, to low-risk ones such as evaluation of some mercury 
control technologies. Although some problems exist regarding diversity, in general, the 
portfolio is well diversified and the diversity reduces the overall risk of the portfolio in face 
of technology, market and regulatory changes. 
Achieving the Partnership Goals 
The cost sharing mechanisms through all the programs represent a success in building 
government-industry partnership in ACT RD&D. Industry provides at least 50% of the 
costs in all the demonstration projects and at least 20% of the costs in the R&D projects. 
The partnership not only takes inputs from industry and other stakeholders into the early 
stage of technology development, which will facilitate h r e  technology deployment, but 
also lowers the costs and risks the Government and industry bear, which fosters exploration 
of new technologies. 
Industry and national laboratory participation in the programs strikes a fair balance. 
Industrial involvement in the cutting-edge R&D programs is relatively low, which is 
legitimate given the high risk nature of the programs. National laboratories are active in the 
R&D programs rather than the demonstration programs, which is consistent with their focus. 
There has been some progress towards international cooperation in ACT area, although 
limited to information exchange. CCTDP made efforts on information sharing both 
domestically and internationally, major activities including holding conferences, workshops, 
and trade missions; producing publications; and developing web sites. These activities not 
only disseminated program information to customers and stakeholders and obtained feedback 
from them, but also promoted awareness and understanding of American ACTS in 
international markets. FutureGen has invited international participation in research and 
demonstration. The Advanced Research includes international subprograms in which the 
Office of Fossil Energy provides leadership roles in several international organizations and 
building effective partnerships to maximize exports opportunities for the U.S. companies. 
Achieving the Project Goals 
Project evaluation will be presented in the following section of the paper. In general, 
the majority of projects have been selected into the R&D programs based on the technology 
merits such as satisfying regulatorylmarket needs andlor governmental policy directions, 
integrating results from basic research or from industry practices, andlor communicating 
technology needs to long-term scientific research. For example, the project on advanced 
turbine systems was sponsored because the government intended to expedite presence of high 
efficiency combustion turbine in the U.S. market, which was also needed by the market. 
The ceramic membrane projects not only reflected the strong market needs for economical 
oxygen production technologies and the achievements of long-term basic research on 
materials, but also provided feedback to scientific research on the direction of future 
membrane research. Similarly, the majority of demonstration projects have been based on 
technically ready technologies, and have reflected strong regulatorylmarket demand. 
Examples are the environmental control devices projects and IGCC projects in CCTDP and 
CCPI. Most of the selected projects have been able to meet their objectives within the 
budget and within a reasanable time frame. 
Interactive Reinforcement between R&D Programs and Demonstration Programs 
The R&D programs have provided sound technical support for the demonstration 
programs, while the demonstration programs have sent feedback to the R&D programs and 
helped identify R&D directions. For instance, the R&D successes in FBC, low-NO, burners 
and SO2 scrubbers have strongly supported demonstration of these technologies under the 
CCTDP, which has accelerated their commercialization. The significant R&D progress in 
mercury control has pushed forward this technology to demonstration stage-mercury control 
will be demonstrated under the CCPI. On the other hand, technical problems encountered in 
the IGCC demonstration projects have signaled the R&D programs to explore further in gas 
separation membranes, refractory material, integration of hot-gas cleanup with gasification 
combined cycle, and other technologies. 
Building up Knowledge Base 
The RD&D efforts over several decades have built up an abundant technical and 
management knowledge bases in ACTs. The technical knowledge not only includes RD&D 
experience in economically successful technologies, but also includes lessons learned From 
"failed" technologies. For example, the advanced combustion R&D program has proved 
that PFBC is technically feasible but economically impractical. The R&D effort on this 
technology, although did not lead to commercial benefit, has helped decide future R&D 
directions in this area. 
Rich experience in program management has also been accumulated, especially through 
the CCTDP. The managing system of this program has been turned out to be effective, 
which should have implications for future demonstration programs (Moniz et al., 2005): 
- The program goal was well defined, which was accelerating commercialization of 
ACTs; 
- All projects have been fully funded up front, which saved worries about project 
funding prospect and enabled performers to concentrate on project implementation; 
- The well-defined program goal and funding commitment From federal government 
has encouraged industrial participation. As a result, industry has shared more than 
50% of the programs cost with new money and terminated some unpromising 
projects at their earlier stage; 
- The DOE share of project cost growth was capped at 25%, which has incentivize 
industry to be more cautious about project risk; 
- Industry was authorized to design, build, operate and own facilities, which made full 
use of industry expertise and resources; 
- In general, the program created a somewhat competitive environment for a range of 
technologies, which has helped hedge the program risk. 
The Ofice of Fossil Energy and NETL have kept excellent record of all the experience, 
produced rich publications and developed online databases that contain accurate, systematic 
and comprehensive information about the ACT RD&D programs. The information system 
will play significant roles in serving various research and disseminating awareness and 
knowledge of ACTs. 
3.2.2 Problems of the Programs 
While significant achievements have been made toward the overarching portfolio goals, 
weaknesses and problems in the portfolio are impeding maximization of the portfolio value to 
get the highest return on public funds. These weaknesses/problems exist in four respects: 
balance of the portfolio, partnership, program management, and program design. 
Imbalance of the Portfolio 
Two weak areas in the R&D programs are affecting the balance of the portfolio. One is 
the advanced combustion R&D. High efficiency combustion technologies such as 
supercritical (SC) and ultra-supercritical (USC) combustion have been missing in the 
portfolio, while gasification has received the largest share of the R&D funding. Although 
IGCC approach is promising in many respects, it may not be a panacea. It is not well suited 
to all types of coal, and it is still a relatively immature technology. In contrast, SC and USC 
are relatively low-risk technologies that have high thermal efficiency and large single-unit 
capacity. Additionally, with the same financing plan, USC pulverized-coal power plant has 
a significant lower cost-of-electricity (COE) than a first-generation IGCC power plant 
(Workshop, 2004). However, these important near-term technologies are not applied in the 
U.S. market. The reason is that industry pushed in the late 1970s for gasification 
technologies rather than USC, out of the concern for energy supply alternatives. As a result, 
neither the combustion and turbine R&D programs nor the CCTDP invested effort in USC, 
which might have made coal-fired power generation a stronger workhorse in today's U.S. 
power sector. 
Another weak area is modeling and simulation. With their ability of forecasting and 
detecting design deficiencies to avoid costly real tesf modeling and simulation have been 
widely applied to most of high-tech fields. Power generation systems, especially those 
highly integrated and complex systems like IGCC, are among the most suitable arenas for 
modeling and simulation to show their advantages. However, out of about $2bn invested in 
the projects in the Fossil Energy R&D Project Data Base (FER&D, 2005), only 2% are found 
spent on projects that involve modeling and simulation, most of which are conducted by 
univer~ities.~ 
Problems in Partnership 
One problem and two weak areas exist in this respect. The problem lies in the 
cost-sharing mechanism. Notwithstanding its advantages discussed above, it brings in the 
partnership some problems, too. , First, it causes a tension between time requirement of 
disruptive technology innovation and industry's short time horizon for return in R&D 
programs. Revolutionary technology innovation requires a time W e  long enough for new 
discovery in basic scientific research to happen. Requiring cost sharing of industry, 
See Appendices 5-10. About two-third of the 2% has been or is being spent on carbon sequestration 
projects. 
therefore, inclines public funding towards shorter time horizon projects that usually generate 
only incremental technology advance. Second, the 50% industry cost share requirement for 
demonstration projects implies at least 50% of the project risks for private participants. 
While this may enhance their management of project risks in technology selection and project 
design, it may also deter private participants from more adventurous innovations. Also, 
even at 20% matching requirement for R&D programs, the number of potential participants is 
reduced, especially with private universities. 
The weak areas are university and national laboratory participation in R&D projects, and 
international collaboration. Studies of the projects recorded in the Fossil Energy R&D 
Projects Data Base found that only 6% of R&D funds have gone to universities and 10% to 
national laboratories." Consequently, the great potential of universities and national 
laboratories in leading R&D has not been fully explored. Another overlooked area is 
international collaboration. As can be seen from Table 3, all the programs in the portfolio 
are weak in building international partnership. Actually, except the CCTDP, FutureGen and 
the Advanced Research programs, all the other programs have overlooked cooperation with 
other countries in ACT RD&D area. These three programs also lack high impact 
cooperative projects. So far, the international cooperation part in these programs has not 
gone beyond bilateral meetings and some non-project-oriented small programs, which are 
hard to generate high leverage. 
Problems in Program Design 
The first problem in this respect is about deployment of demonstrated technologies. 
Investigation into the post-program technology deployment finds that there is a gap between 
technology supply and demand with CCTDP. Despite the size, scope and overall 
technological success of the CCTDP, the commercial uptake of the featured cleaner coal 
technologies has been extremely limited. The domestic market throughout the 1990s has 
not been encouraging to wide deployment of any coal-based power generation technologies. 
Now, however, AEP and Cinergy (Moniz, 2005) have expressed the intention to order an 
IGCC plant, but AEP is seeking to shift the high capital costs on to rate payers through rate 
hike (Power Engineering, 2005). AEP's rate hike plan has encountered opposition from 
consumers (Migden-Ostrander, 2004). It is unclear how the fate of the proposed IGCC plant 
will be, but the case reflects a strong market demand for cost reduction and reliability 
improvement of IGCC technology. A strong motivation for AEP and Cinergy is shareholder 
pressure to prepare for GHG emission constraints. 
Similarly, the domestic market for advanced SO2 control technology is not yet fully 
lo See Appendices 5- 10. 
developed, let alone that for advanced technologies that combine highly efficient capture of 
SO2, NOx, Hg, and particulate matter. To date, domestic utilities have largely invested in 
fuel switching (using lower-sulfur western coal) for SO2 control and procuring and banking 
SO2 allowances, rather than making capital investments in SO2 control technologies. Also, 
the utilities are awaiting future regulatory actions, such as that on fine particulate matter 2.5 
microns and smaller (PM2.5), which may significantly impact SO2 compliance requirements. 
The second problem in project design respect lies with FutureGen. This is a program 
that needs clarification on its demonstration nature and management. In the Statement by 
the President (OPS, 2003), President G W. Bush announced it as a "demonstration project." 
However, in the March 2004 report to Congress (DOE, 2004), it was declared as a "research 
initiative." Although the contradictory statements might come from inadvertence, they 
reflected confusion over the program goal, which may cause difficulties in program 
management and implementation. 
From program design point of view, the technical risk and financial risk embedded in 
FutureGen are too high. On one hand, FutureGen is designed to demonstrate highly 
integrated cutting-edge technologies, which already exposes the project to high technical risk. 
In addition, the R&D underpinning FutureGen will not be sufficient, which aggravates the 
risk. FutureGen aims at building a zero-emission plant with carbon sequestration by 20 14. 
However, there is no one among the R&D programs that targets the zero-emission goal by 
then. Since FutureGen is supposed to borrow the results of the R&D programs as its 
technology support (DOE, 2004), it is doubthl that such an ambitious goal can be achieved 
by 20 14 when the R&D programs could barely provide sound supporting technologies. 
On the other hand, the project financing is questionable. The non-commercial nature 
of FutureGen makes it more similar to an R&D program. This, combined with the high 
technical risk, increases the difficulty of attracting the 50% of industrial cost share that is 
required by law. There is great uncertainty for the program to get enough financial support 
from industry to ensure its completion as planned. Considering the tremendous cost it 
would involve, so high technical and financial risks are not appropriate. 
In summary, FutureGen contrasts with the CCTDP's successful experience (as stated in 
Section 3.2.1) in several important respects. Its goal is not well defined; its funding is not 
yet guaranteed; it is narrowly focused on integration of IGCC with carbon capture and 
sequestration technology; and there was no competition for the managing consortium. 
These factors make the program extraordinarily risky. 
Problems in Program Management 
Political pressure has resulted in diminished competition and efficiency of the programs, 
especially the demonstration programs. At project selection stage, a number of projects 
appear to have been selected into the programs due to political reasons. This phenomenon 
appears to still exist in the current programs. 
3.3 Selected Projects Evaluation 
Evaluation of the efficacy of the portfolio necessitates evaluation of individual projects. 
Implementation of the projects is critical to success of a program and, hence, the portfolio. 
A well-structured portfolio wouldn't necessarily generate expected outcomes should the 
component projects fail to achieve their goals. To examine implementation of the projects, 
this paper samples eight representative projects from hundreds of projects in different 
programs. Three IGCC demonstration projects are chosen considering the high costs and 
strategic significance of IGCC demonstration. The other five projects are respectively 
demonstration of ACFB and coal-derived clean fuel, and R&D of LEBS, mercury emissions 
control, and ceramic membrane. 
Evaluations of the selected projects were guided by the project criteria described above, 
while the project performance information were primarily obtained from the project 
performance summary reports or final technical reports presented by the project performers, 
which are the only resources we had access to. It is recognized that the evaluations can only 
be general because detailed information are not available, such as actual costs of resources 
and detailed statements of project objectives. Nevertheless, these general evaluations still 
reflect a rough picture of the successes and failures in the ACT RD&D portfolio. 
3.3.1 Evaluation of Selected Projects 
The Piiion Pine IGCC Project (DOEMETL, 2002) 
The goal of the Pifion Pine IGCC project was to demonstrate air-blown, pressurized, 
fluidized-bed IGCC that integrated with hot-gas cleanup and a combustion turbine fueled 
with low heating value gas. It was performed by Sierra Pacific Power Company during 
1992-200 1 under the CCTDP. The co-performers were: 
- Foster Wheeler USA Corporation-the architect, engineer & constructor; 
- The M. W. Kellogg Company-the technology supplier; 
- Bechtel Corporation-the start-up engineer; 
- Westinghouse Corporation-the technology supplier; and 
- General Electric-the technology supplier. 
The total project costs were $335,9 13,000, 50% of which was fbnded by the DOE. 
The project incorporated two new technologies, the Kellogg/Rust/Westinghouse (KRW) 
gasifier and hot-gas cleanup. Its facilities encompassed two main equipment areas (referred 
to as islands), the Gasifier Island and the Power Island (Figure 15). The Gasifier Island 
included: solids receiving, storage, and crushing; oxidant compression and supply; coal 
gasification; gasifier-exhaust heat recovery; hot-gas desulfurization; gasifier fuel-gas 
particulate removal; recycle-gas compression; solid-waste handling; and wastewater 
treatment facilities. The Power Island consisted of the GE Frame 6FA 
combustion-turbinelgenerator, the heat-recovery steam generator (HRSG), and the steam 
turbinelgenerator. The combustion-turbine capacity is 6 1MWe and the steam-turbine 
capacity is 46MWe, for a total generation of 107MWe using Southern Utah bituminous coal 
(0.5-0.9% S). 
Figure 1 5. Block Flow Diagram of Piiion Pine IGCC Project 
The project goal has not been achieved-the gasifier and hot-gas cleanup system never 
functioned fully for more than 24 hours at a time, and it is impossible to assess the 
performance of the system under typical operating conditions. While numerous problems 
caused by design deficiencies and defective equipment have plagued the project from the 
beginning, the failure of the project primarily resulted from the problems with the filter-fines 
removal system, which is a component of the hot-gas cleanup system. Hot-gas cleanup 
technology is still in the early demonstration stage and has poor performance and limited use 
(except warm particulate cleanup) in large gasification facilities. Incorporating this 
unproven technology into the demonstration made the project more problematic than it would 
have been if it had used a proven fuel-gas cleanup technology. 
Although much progress was made during the project in overcoming these problems 
through design changes and by repairing, or replacing, faulty equipment, the associated costs 
and the dire financial situation of the project performer have made the operating funds 
account insufficient to accomplish the project goals. The failure of the project to operate 
successfully makes it difficult to determine the potential market for the KRW gasifier 
technology, although an independent utility engineering service group and consultant are 
examining the feasibility of restarting the gasifier. 
This project failed due to interwoven technical and financial problems. It was 
ill-conceived as a highly risky project that integrated two unproven technologies-hot-gas 
cleanup and KRW gasifier. Both of the two technologies had design deficiencies for the 
integration, while they also had the potential to be successfully demonstrated. Had the 
project had enough financial support for solving the technical problems or installing a 
back-up gas cleanup system, the gasifier might have been able to operate on an integrated 
base. Unfortunately, this was not the case. The failure of this project teaches a lesson that 
a demonstration project should not be granted public funding if it is both technically difficult 
and financially risky. 
Tampa Electric Company IGCC Project (Tampa, 2004) 
The objectives of the Tampa IGCC project were to achieve reasonable availability for the 
IGCC, to demonstrate the ultra-low pollutant emissions capability of coal-based IGCC, and to 
identify areas for reducing cost and improving performance of subsequent plants. As one of 
the CCTDP projects, it was performed by Tampa Electric Company during 199 1-2002 
(demonstration period: 1996-200 1 ). The co-performers were: 
- Texaco Development Corporation-the gasification technology supplier; 
- General Electric Corporation-the combined-cycle technology supplier; 
- Air Products and Chemicals, 1nc.-the air separation unit supplier; 
- Monsanto Enviro-Chem Systems, 1nc.-the sulfuric acid plant supplier; 
- TECO Power Services Corporation-the project manager and marketer; and 
- Bechtel Power Corporation-the architect and engineer. 
The planned total project costs were $ $303,288,446, 49% of which was funded by the DOE. 
The actual project costs turned out to doubled, with additional cost overmns funded 100% by 
the participant. 
This project combined commercially available oxygen-blown entrained-flow coal 
gasification technology licensed by Texaco Development Corporation (Texaco), conventional 
cold-gas cleanup, and an advanced gas turbine with nitrogen injection (from the air separation 
plant) in the Polk Power Station (PPS) Unit #I, which generate 250MWe (net) electricity 
(Figure 16). The facilities mainly consisted of two blocks: the gasifier block and the power 
block. The gasifier block included: gasification, radiant and convective syngas cooling, 
syngas particulates and hydrogen chloride removal, COS hydrolysis, cold-gas cleanup by 
traditional amine scrubber. The power block included: the advanced GE MS 7001F 
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Figure 16. Flow Diagram of Tampa Electric Company IGCC Project 
After identified and solved various problems associated with design and material of the 
gasifier, the project objectives have been, basically, achieved. Overall PPS availability, 
including operation on backup fuel, attained 95% during 2003-2004, and the gasifier 
availability, 82%. SO2, NO,, and particulates emissions are far below the current PC plants 
emissions permit limits, specified in the New Source Performance Standard (NSPS). The 
project performance summary report estimates that the capital cost for a new 250MWe (net) 
IGCC plant can be about $1650/kW in 2001 dollars based on the PPS configuration 
incorporating lessons learned. Also, the project evaluated the effect of 11 separate 
bituminous coals, petcoke, petcokelcoal blends, and biomass on plant performance. A 
petcokelcoal blend was determined to offer optimum service. This blend has been adopted 
for commercial service following the demonstration. 
Several technical problems remain unsolved. For example, carbon conversion was in 
the low to mid 90% range versus the expected 97.5-98%. The unexpectedly low carbon 
conversion resulted in need to recycle fly ash, which reduced fuel quality. Consequently, the 
ASU could not deliver enough air, even at design capacity, to meet the total gasifier oxygen 
requirements. Nevertheless, the PPS is generally in success~l  operation and continued in 
commercial service following the demonstration. 
It is worth noting that, at the first two years of operation, the PPS has encountered 
various technical problems. One of the problems, for example, is the difficulty in 
incorporating hot-gas cleanup system, which resulted in abandonment of hot-gas cleanup and 
using backup cold-gas cleanup system. These problems have led to the project cost 
doubling. The project was rescued from failure by strong financial support from industry, 
which stands in contrast to the case with the Pinon Pine project. However, the initial 
setback remains a major worry of utility companies who are interested in building IGCC 
plants, while the high capital cost also sets a major barrier for commercialization of this 
technology. Further technological improvement and operation experience is needed before 
IGCC is commercialized. 
Wabash River Coal Gasification Repowering Project (Wabash, 2002) 
This project aimed to demonstrate utility repowering with a two-stage pressurized 
oxygen-blown entrained-flow IGCC system fueled by high-sulfur bituminous coal, and to 
assess long-term reliability, availability, and maintainability of the system at a fully 
commercial scale. One of the CCTDP projects, it was performed during 1995- 1 999 by 
Wabash River Coal Gasification Repowering Project Joint Venture, in which PSI Energy, Inc. 
was the host and Destec Energy, Inc. (now Global Energy) was the engineer and gas plant 
operator. The total project costs were $438,200,000,50% of which was funded by the DOE. 
The project demonstrated repowering a 1950s vintage pulverized coal-fired plant with 
Global Energy's E-GasTM technology - an oxygen-blown, continuous-slagging, two-stage, 
entrained-flow gasification system which uses natural gas for startup. It adopted warm gas 
particulate control via ceramic and sintered metal barrier filters. The key elements of the 
gasifier block are the two-stage gasifier, the water quench, the high-temperature heat recovery 
unit (HTHRU, or syngas cooler), the hotldry candle filter, the catalyst that hydrolyzes COS to 
H2S, the MDEA-based absorberlstripper and the Claus-process-based sulfur recovery unit 
(Figure 17). The key elements of the power block are the General Electric MS 7001 FA 
high-temperature combustion turbinelgenerator (1 92MWe), the HRSG and the repowered 
steam turbine (1 04MWe). The net output of the IGCC system is 262MWe. 
The project successfully transformed the plant from a nominally 33% efficient, 90MWe 
unit operating on unscrubbed compliance coal into a nominally 40% efficient, 262MWe unit. 
The repowered unit meets or surpasses current and projected emissions standards. The 
capital cost of the demonstration unit was $1,590kW in 1994 dollars. The project 
performance summary report estimates that, incorporating lessons learned and technology 
improvements, the capital cost for a coal-fueled unit can be $1,250-1,300kW (2000s) and 
for a petroleum coke-fueled unit, $1,100-1,200kW (2000s). The technology also operates 
efficiently on a range of coals as well as petroleum coke; produces high-value byproducts 
instead of solid wastes; and provides the potential for co-production of chemicals and clean 
fuels. 
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Figure 17. Flow Diagram of Wabash River Coal Gasification Repowering Project 
Notwithstanding the above achievements, the availability of the IGCC system is still low. 
The availability of the gasification block was 70% over the last year of the demonstration and 
77% over one nine-month period in 1998-1999. The project and power block availability 
values for 1999 are skewed by the 100-day downtime experienced as a result of a combustion 
turbine compressor failure, which was unrelated to operation on syngas. The plant 
continued to operate until September 2001, when PSI stopped buying syngas from it for 
about five months. There was an intention to resume plant operation in March 2005. 
Nucla Circulating Fluidized-Beds Demonstration Project (ACFB) (Tri-State, 1999) 
The project was the first utility-scale ACFB project. It aimed to demonstrate the 
feasibility of ACFB technology at utility scale and to evaluate the economic, environmental, 
and operational performance at that scale. It was performed by the Tri-State Generation and 
Transmission Association, Inc. during 1988- 199 1 under the CCTDP. The co-performers 
were: 
- Foster Wheeler Energy Corporation-the technology supplier; 
- Technical Advisory Group-the cofunder (potential users); and 
- Electric Power Research Institute (EPR1)-the technical consultant. 
The project costed $160,049,949, and the DOE provided 1 1 % of the cost. 
Three 36MWe, coal-fired, stoker-type boilers at Nucla Station were retrofitted in this 
project with a new 925,000 lbhr steam generator capable of driving a new 74MWe (gross) 
turbine generator. The combustion system used Foster Wheeler's atmospheric circulating 
fluidized-bed technology. Extraction steam from this turbine generator powers three 
existing 12.5MWe (gross) turbines (Figure 18). The total net output of the plant was 
100MWe. Two features of the demonstrated ACFB made it superior to traditional fluid-bed 
combustion: (1) it used relatively higher fluidization velocity, which enables more efficient 
combustion; (2) it used hot cyclones that capture and return the solids emerging from the 
turbulent bed to control temperature and extend the gaslsolid contact time, which enables 




Figure 18. Flow Diagram of Nucla CFB Demo Project 
The ACFB system has been successfully demonstrated in this project. SO2, NOx, and 
particulates emissions are well below the contemporary emissions limits. The capital cost 
for the Nucla retrofit was $1,123/kW in 1988 dollars and the operating costs averaged 64 
mills/kWh. Moreover, the project saved almost three years in establishing a commercial 
line of utility ACFB systems backed by performance guarantees, therefore accelerated 
introduction of ACFB. 
However, the availability and capacity factor of the demonstrated ACFB system were 
low. The average availability during 1988-1991 was merely 58% and the average capacity 
factor, 40%, although they were dramatically increased to 97% and 66.5%, respectively, in 
the last three months of the demonstration. The low availability and capacity factor resulted 
primarily from the financial dificulties faced throughout the demonstration, which impeded 
the plant's ability to make capital investments that could have enhanced the reliability. 
Nucla plant continues in cokercial service. The demonstration has promoted 
commercial sales of ACFB systems both domestically and internationally (Appendix 13). 
The success of the project was a result of successll R&D on FBC technology that made the 
project technically sound. 
Clean Coal Diesel.DrrnonstratiW Pmject @OE, 2005; Wilson et al., 2005) 
The project's goal is to demonstrate the design, operability, and durability of a heavy 
duty diesel engine (6.4MWe) during 1,000 hours of operation on coal water fuel. It has been 
perfoqned by TIAX LLC, Inc. since 1994 under the CCTDP. The co-perfopners are: 
- University of.Alaska, Fairb-4e host and cofounder; . 
- Fairbanks Morse EQ&- dippel engine technology vendor; 
- GatliECoal Company-the coal supplier:.and 
- Usibelli Coal Mine, Inc-the coal supplier. 
The total project budgetis $4~,63~000,5.0%of which i~frsnded by the DOE. 
The engine is modified to . operate . OR Alaskan subbitrrminow cod and uses selective 
catalytic reduction for NP, contnrtL(Figure 19). Since ,qxmtst of the &st facility was 
spun off as.a separate business, the scope of the project has beep revised and. the focus shifted 
fiom an 18oylbd~ diesel & to the two.leyh&r dicldeargine a0 the optbad way to 




Figure 19. Flow Diagram of Clean Coal Diesel Process 
The major problem the project is facing is the severe abrasion of the inner surface of the 
engine' endures, which is criukd by higher" ash cbntmt ofcbl c o m p d  wfth tfiekt elel. , 
to inake "hard part$ that ate e x p d  to high &mion. 
3 ,  
. 7 
However, the high costs of these materials impose challenges on capital and operation and 
maintenance costs of the system. In addition, the durability of the hard parts is still far 
below enough for full operation. It is not clear if the project could meet its objectives as 
proposed. 
Overall, the project is running behind schedule and trying to demonstrate an unpromising 
technology that would have limited impact on industry, if it would ever succeed. It is two 
years behind schedule and rescheduled to be completed in 2006. The technology, 
coal-water-slurry-fueled diesel engine power generation, is suitable for distributed generation 
instead of central generation and, therefore, would have limited impact on the power industry. 
Such limited impact does not justify a twelve-year-long project timeline. Moreover, it 
would require highly favorable market conditions (sustained $40-55 per barrel of oil) to be 
widely adopted. Finally, even if the technology should be demonstrated 12 years after it was 
conceived, technology advancement and environmental requirement change in such a time 
horizon probably would have changed the market for the technology demonstrated. 
Despite all these negative signs, the project is still receiving funding and consuming 
human resources. This case typically illustrates the consequences of a poor project design. 
It would be wiser to terminate the project before more losses occur. 
Mercury Removal in a Non-Thermal Plasma Based Multi-Pollutant Control Technology 
for Utility Boilers (Powerspan, 2004) 
This is a R&D project under the Pollution Control Innovations program. The goals of 
the project were to demonstrate, at pilot scale, high levels of Hg removal (>90%) from 
coal-fired power plants flue gas while maintaining high removal of SO2, NOx and particulates, 
and to understand the factors that influence mercury removal. It was performed by 
Powerspan Corporation during 200 1-2004. The total project costs were $2,8 1 1,108, 80% of 
which were funded by the DOE. 
Powerspan conducted pilot scale testing on its Electro-Catalytic Oxidation (ECOTM) 
process. In the process, flue gas is electrically charged in a dielectric barrier discharge 
(DBD) causing high energy electrons to create chemical reactions which oxidize mercury to 
mercuric oxide (HgO), NOx to nitric acid, and SO2 to sulfuric acid. The oxidized forms of 
SO2, NOx and mercury are flushed from wet electrostatic precipitator plates and collected in a 
by-product recovery system for recycling (Figure 20). 
The results of the pilot test showed that ECO is a multi-pollutant control process capable 
of achieving high removal of Hg, NOx, SO2, and particulate matter. At the pilot scale, the 
ECO process can remove 90% of NO,  98% of SOz, 80-90% of Hg, and 99.9% of fine 
particles that are less than 10 pm in diameter. The final technical report estimates the 
capital costs for the ECO system to be about $250/kW (including balance of plant 
modifications) and the levelized O&M costs to be 2.0-2.5 mils1kWhr. Since there were only 
limited data, one of the project objectives, optimization of conditions for elemental mercury 
. . 
3 .,, ' ; -oxidation, was not achieved. , . *  J :l!l -.din..; , , ' 4 ! j : : .  
In general, the project achieved its goal. As a result of the successful pilot test., a 
5OMWe commercial demonstration unit has been constructed. 
were $14,630,616,50% of which were h d e d  by the DOE. I~,*-~FJI E .. 
The project was specifkdly fmused on addressing key issues in materials, processing, 
only evaluates Phase 1 due to data availability. The objectives of Phase 1 included OTM 
In Phase 1, a variety of process alternatives was investigated in which a higher level of 
integration between OTM oxygen production and the IGCC process is implemented. Figure 
2 1 shows a process for producing a gas stream containing oxygen and steam to feed to a coal 
gasifier. 
Figure 2 1. IGCC with Steam-Purged OTM 
The objectives of Phase 1 have been achieved. The new high-performance membrane 
material invented and composite OTM membranes developed have demonstrated the 
production of >99% pure oxygen at fluxes 120% of commercial target in tests conducted at 
900°C with a 275psi pressure differential. Significant progress was made in scaling up the 
manufacturing of the elements. A 1000hr life test and more than ten complete thermal 
cycles were demonstrated on such elements under simulated IGCC conditions with virtually 
no membrane degradation. In addition, a multi-element pilot reactor was built and used to 
understand operational characteristics of the OTM reactor module and validate design 
concepts for scale-up. 
Engineering Development of Advanced Coal-Fired Low-Emission Boiler Systems (Ake 
et al., 2000; Beittel, 2005) 
This project was performed by DB Riley, Inc. under the DOE Advanced Combustion 
Technologies R&D program. Other participants included Thermo Power Corporation, the 
University of Utah, and Reaction Engineering International. The project consisted of four 
phases and was planned to be implemented during 1992-2004. The goal of the Phase 1-111 
was to develop a new generation of coal-fired Low-Emission Boiler Systems (LEBS) and a 
Commercial Generating Unit (CGU) design, for deployment in the year 2000, to achieve 
ultra-low emissions and net plant efficiency greater than 42% at a cost of electricity at or 
below that of a conventional pulverized coal fired plant designed to meet current New Source 
Performance Standards (NSPS). The goal of the Phase IV was to demonstrate low-NOx, 
slagging combustion technology at a 91MWe new plant. The total costs for Phases 1-111 
were $143,245,279,33% of which was funded by the DOE. The total budget for Phase IV 
is $147,500,000, 19% of which is planned to be funded by the DOE. The Phases 1-111 have 
been completed in 1997, while Phase IV is still waiting for funding from industry. 
The LEBS developed in this project combined a low-NOX slag-tap firing system with a 
supercritical steam cycle and enhanced low temperature heat recovery for high efficiency. 
The firing system converted most fly ash into a vitrified form for ease of disposal and 
byproduct use. In addition, the down-fired, or U-fired, slag tap system is adaptable to a 
broad range of fuels, including those with low volatile or high ash content. The very high 
NOx emissions typical of slag tap firing are controlled with a combination of advanced 
low-NOX burners, air staging, and fuel staging (reburning). Figure 22 shows the LEBS 
design concept for a 400MWe CGU. The design includes a supercritical I boiler fired with a 
low-NOX, slag tap U-firing system, the copper oxide regenerable flue gas desulfurization 
system with de-NOx capability, advanced low temperature heat recovery, and high efficiency 
particle removal. 
Figure 22. The Low Emission Boiler Commercial Generating Unit Concept 
In general, the project didn't achieve its goal despite several achievements. Fist, in the 
first three phases, the project demonstrated, at a 30MWt test facility, that the U-firing, slag 
tap operation could keep NOx emissions less than 0.2 lbMMBtu, which was remarkable 
improvement from the 0.6-1+ IbMMBtu typical of slagging systems. However, this cannot 
meet the NSPM.05-0.16 IbMMBtu, which was enforced after the project started. Second, 
the project also made a significant experimental effort on developing a regenerative 
SO2/NOX control process based on copper-oxide impregnated alumina, but the process was 
proved not ready for commercial application. Third, other efforts, such as efficiency 
evaluations of high pressure/temperature steam cycles with low temperature heat recovery, 
were not able to generate new technologies in practice, either. Finally, the proposal to 
demonstrate the firing system in a nominal 91MWe plant (Phase IV, a test unit for the 
400MWe CGU design) took three years to get to the point of a formal announcement by an 
energy cooperative to co-fund the plant and become the owner. As of March 2005, 
construction has not been released due to unresolved financial and contractual problems. 
Technically, the LEBS developed in the project has been proved not able to meet the 
NSPS. There must be either an inaccurate forecast or overlook of regulatory climate, or 
misestimating of environmental performance potential of the technology, when selecting this 
project into the R&D program. This should not have happened to such a project that 
involved so high costs and lasted for so many years. Furthermore, instead of wasting 
resources on trying to acquire funding for the Phase IV, the project should have been 
terminated immediately after the environmental performance of the technology was proved 
unpromising. 
Summary of the Project Evaluations 
The evaluations of the selected projects reveal three problems associated with project 
selection and management. First, the selection of some projects seems not to have been 
based on careful assessment of merit of the technologies. Some unpromising technologies 
have been selected into the programs and cost a large amount of dollars. These projects 
should have been terminated as soon as the technical problems emerged. However, this was 
not the case with those projects. Some of them, such as the Clean Coal Diesel 
Demonstration project and the LEBS project, are still lingering there. This brings about the 
second problem-termination of unqualified project. 
A well-implemented project termination system is as important as an efficient project 
management system. No forecast can be accurate in today's fast changing world. 
Therefore, it is almost inevitable that an RD&D program could take in some projects that are 
proved unviable later on either because the market disappears, or because the technology 
turns out to be less promising than it was expected. A project termination system is 
important as it is designed to avoid further loss. However, in the cases of the Clean Coal 
Diesel and the LEBS projects, the termination is not happening. 
Another problem with project management is the frequent delay of projects. Many 
demonstration projects started several years later than they were proposed, as were the cases 
with the PPII projects. Many demonstration projects also ran behind schedule because of 
financialllegal problems. Although the delay is understandable because of the large scale 
and the complicated legal negotiation issues resulted from the cost-sharing structure of these 
projects, it is still a defect in project management and could cause confusion or diminish the 
credibility of the program. 
In addition to the above, a lesson learned from the project evaluation is that sound project 
financing is one of the keys to the success of a project. The contrasting examples are Pinion 
Pine IGCC project and Tampa IGCC project. Both projects encountered technical 
difficulties during the demonstrations. While the former couldn't get additional funding to 
solve the problems, the latter achieved great success although its cost doubled-industry 
provided sufficient financial support so that the problems were solved. 
3.4 Lessons Learned from the Portfolio Evaluations 
Implications for future ACT RD&D expenditure and program design and management 
are derived from the above evaluations: 
DOE ACT expenditure in the near future should give priority to R&D programs. 
There are three reasons that support this suggestion. First, public funds should be 
primarily used to promote what would not happen without government subsidy. R&D 
usually bears high technical risk and does not generate commercial return directly, therefore 
needs public funding as an incentive to innovations. Demonstration, however, usually bears 
lower technical risk and higher possibility to result in profit, which provides more incentives 
for industry to do it on their own if certain regulations and market conditions are in place. 
Second, the mixed deployment success of CCTDP implies that we should pause and 
reflect on the lessons learned from the past before jumping on to another similar 
demonstration program. As stated earlier, CCTDP was designed to accelerate 
commercialization of new ACTS, but it has not seen wide deployment of many technologies it 
demonstrated. 
Third, the incremental technology advancement in most of the CCPI projects does not 
justify the huge investment so soon after CCTDP. Comparison between the technologies to 
be demonstrated under CCPI and those demonstrated under CCTDP found that, except for the 
two IGCC projects, most of the other projects will not go beyond technology hybrid in terms 
of technology advancement (e.g. multi-pollutant controls). Moreover, it cannot be expected 
that the technologies to be demonstrated will have remarkable cost or reliability advantage 
over those demonstrated under CCTDP. The latter have not been well-deployed because 
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the emissions standard were not stringent enough, the emissions trading system allows for 
allowance purchase instead of pushing for adopting new technologies, and the costs for the 
new technologies are still too high. Among these three reasons, the first two are decisive 
when no revolutionary technology innovations are expected. This is because the high cost 
of the new technologies would become acceptable if more stringent emissions standards are 
enforced and natural gas prices keep going up. In that case, industry would adopt new 
technologies. Cost reduction and reliability improvement of the technologies could be 
achieved through the wide application rather than by spending public funds. On the contrary, 
if regulatory and market climate will not change, CCPI will face the same fate as CCTDP did 
in terms of deployment, because there is no indication that its technologies will be cheaper or 
more reliable. 
Therefore, I suggest that public hnds be used, in the near future, to promote application 
of ACTs in two ways: (1) to enhance investment in R&D for disruptive innovations; and (2) 
to create market incentives and regulatory incentives in order to make ACTs demonstrated 
under CCTDP economically attractive for wide deployment. This suggestion is especially 
applicable to IGCC. CCTDP contained four IGCC demonstration projects, which 
demonstrated different aspects of the technology. The component technology, such as 
gasifiers, gas turbines, have been commercialized, and the major challenge with IGCC is 
increasing degree of integration, improving reliability, reducing capital costs, and scaling up. 
The first three challenges can be met by more applications, which do not necessarily require 
public funding. Public funding should be spent on disruptive technologies such as major 
scale-up demonstration or R&D on advanced gas separation technologies. 
With regard to deployment of ACTs, now the environment is ripe for pursuing it. 
Introduction of new ACTs has been discouraged, up to now, by a number of uncertainties. 
These uncertainties include uncertainty in the domestic power markets due to utility 
restructuring and increasingly rigid emission standards, and uncertainty in regulatory climate 
due to uncertainty in climate change science. However, the market is changing towards 
favorable to application of ACTs. Along with the increasing demand for power generation, 
rising natural gas prices, and emphasis on fuel diversity, not only existing coal-fired power 
generation capacity will retain, but also coal-based power generation has become a 
competitive option for capacity additions. Combined with expected more stringent 
emissions standards, the market change is bringing a huge opportunity for wide application of 
ACTs, such as IGCC and advanced pollution control devices. 
To promote this trend, the government can reduce the uncertainties described above by 
stabilizing regulatory structure, buying down the cost of risk associated with introducing new 
technologies, and building model plants to assure the utilities (Kripowicz, 2005). The 
government should also make sure that policy and regulation to be coordinated with 
technology development. While technology should be developed to certain level to make 
regulation implementation feasible, policy and regulation should be well informed by 
technology development trend, stimulate innovation, and come in place timely to ensure 
market for new technologies. 
The DOE and industry should play their different roles in the management chain in 
commercial demonstration programs. 
There should be division of labor and division of power in the program design and 
implementation process to ensure the integrity and efficiency of the management system. 
The ultimate goal of the government is to guard public interest. In ACT RD&D arena, the 
government's role should be to identify gaps between public interests and private interests, 
design programs to fill the gaps, create competition, and make sure the knowledge gained is 
shared by the public (because the government shares the costs of the programs). Project 
termination needs to be more rigorous in the face of evolving market and regulation 
conditions. Finally, industry should be given exclusive power in project operation for 
commercial demonstration projects, because they have the expertise in making appropriate 
business decisions. 
Tradeoff should be made between encouraging industrial cost-sharing and ensuring 
high quality innovations in R&D programs. 
The pros and cons of the current government-industry cost-sharing mechanism for R&D 
programs should be fully understood to avoid potential problems. The DOE should pay full 
attention to industry's tendency of shortening project horizon simply for earlier return on 
investment. 
The balance of the ACT RD&D portfolio should be improved. 
One of the lessons we learned from the past decades is that there is no one single solution 
to the energy supply issues. Opening to more options always provides higher flexibilities to 
adapt to market and regulatory changes. More options also helps in finding more 
appropriate energy mix. The DOE should pay more attention to technology diversity in its 
future RD&D expenditures. Currently, three areas need to be enhanced to balance the 
RD&D portfolio, which are high efficiency combustion R&D, the Advanced Research, and 
modeling and simulation application to ACT R&D. There is already a sign in FY2005 
budget allocation, which shows increase in funding for the Advanced Research (Figure 5). 
However, investment increase is only the first step. Fundamental improvement of the 
program requires more incentives fostering scientific discoveries that result in high efficacy 
technology innovations. These incentives can be long-term guaranteed funding for basic 
research, or increasing compensation for intellectual property right. 
Significant effort should be made to improve partnership building. 
Universities and national laboratories hold rich expertise and information resources and 
have great potential to lead in ACT R&D. More research funding should be granted to them 
so that they can play a more significant role in ACT R&D. Especially, since universities are 
the major performers of modeling and simulation, enhanced university participation would 
also facilitate wide application of modeling and simulation in ACT R&D. Moreover, the 
DOE should make more effort to identify promising areas and appropriate mechanisms for 
effective and efficient international collaboration. International partnership can be 
important in creating market opportunities to promote U.S. technology internationally and in 
reducing the costs of technology RD&D. Involving other countries, especially China and 
India, in the RD&D process would open opportunities to demonstrate the technologies in 
these low labor-/resource-cost country, and therefore reduce the demonstration costs. 
Moreover, mitigating the negative impact of coal usage on environment is not a task that a 
single country could accomplish. International participation would help improve 
international awareness of environmental protection and technology adaptability to the 
participating countries, and facilitate an international joint effort on the mitigation. 
Therefore, it would be worthwhile to invest more effort in enhancing international 
collaboration in ACT area. 
The successful experience gained from the CCTDP should be inherited and used to 
guide future demonstration programs. 
The CCTDP has left successful experience in demonstration program management, 
which includes defining programs goal well, funding up front, capping DOE share of project 
cost, authorizing industry to design, build, operate and own facilities, and encouraging 
competition for a range of technologies. The DOE should use the experience for reference 
and reconsider the design of FutureGen with respect to goal defining, funding system, and 
technology options. Given its high degree of integration of cutting-edge technologies, 
FutureGen's success will greatly depend on sound financing and timely R&D progress in the 
underpinning technologies. If these two conditions will not likely happen, breaking it into 
several small projects may be able to reduce the risks. 
Project planning and termination system should be improved. 
In an efficient program, projects should be started according to schedule and their 
performance reviewed periodically. The predictable delay of demonstration projects, if any, 
should be built into the planning processes to avoid confusion. An organization in authority 
should be designed to terminate, in a decisive manner, projects that are not able to make 
reasonable progress over a certain period of time, or proved technically unpromising and/or 
losing their markets. 
4. , Sino-U.S. Collaboration in ACTs 
Three observations can be derived from the analysis so far. First, the efficacy of the 
DOE ACT RD&D portfolio is diminished by the imbalance of the portfolio, to which the 
weakness in international collaboration, especially that with China, is a contributor. 
Therefore, enhancing collaboration with China would improve the efficacy and value of the 
portfolio. Second, the fact that the first priority in China is economic growth instead of 
environmental protection, combined with China's relatively low technology level and weak 
financial power, makes it unrealistic to expect China to stabilize its emissions in the near- to 
mid- term on its own. Collaboration with a leader in ACTs would, however, make the 
stabilization more likely. Third, should China not participate in it within a reasonable 
timeframe, any effort on stabilizing global atmospheric greenhouse gasses concentration and 
controlling transboundary pollution would be in vain. The three observations all point to the 
need for stronger Sino-U.S. collaboration in ACTs. 
Sino-U.S. collaboration is consistent with their common interest in ACTs. Although the 
two countries are at asymmetric stage of development with respect to technological capability, 
rate of construction and presumed different obligation in climate regimes, they are on the 
same level of pollutant emissions that come from coal consumption and facing the same 
challenges of increasing domestic energy supply, protecting the environment, and enhancing 
national energy security. This creates their mutual interest in ACTs and a sound ground for 
collaboration. Understanding the history and status of ACT development in China and 
Sino-U.S. collaboration in ACTs will help to identify potential areas where the collaboration 
could generate high leverage. 
4.1 Chinese Government Funded ACT RD&D 
Since 198 1, projects on clean coal technologies have been supported by Chinese national 
science and technology programs, although the real start-up of CCTs did not happen until the 
national Leading Group for CCT Popularization and Planning was set up in 1995 and the 9th 
Five-Year Plan and Development Program to the Year 201 0 for Clean Coal Technology was 
issued by the State Planning Commission in 1997. Since then, clean coal technologies have 
drawn increasing attention of Chinese government and experienced rapid development. 
So far, there have been three major government-funded programs that involve advanced 
coal technology research and development: the National Basic Research Program, the 
National High-tech Research and Development Program, and the National Key Technology 
Research and Development Program. 
National Basic Research Program (also called 973 Program) (NBRP, 2005) 
The National Basic Research Program is China's on-going national keystone basic 
research program, which was approved by the Chinese government in June 1997 and is 
organized and implemented by the Ministry of Science and Technology (MOST). It is 
created on the basis of existing research activities and deployments made by the National 
Nature Science Foundation and major dedicated pre-studies in order to organize and 
implement basic research to meet the nation's major strategic needs. 
973 Program not only absorbs the largest investment from the central government among 
China's basic research programs since the founding of New China, but also is composed of 
single projects with the largest investment by the Chinese government. On average, every 
single project enjoys a strong support of up to 20-30 million RMB (about USD2.5-3.5 
million) over a span of 5 years. The financial investment in the program in the 9th 
Five-Year Plan is 2.5 billion RMB. 
In advanced coal technology area, 973 Program emphasizes on basic research on coal 
pyrolysis , gasification and hot-gas cleaning, fundamental research on prevention and 
treatment of pollution from coal combustion and on formation and control of PMIO , and 
advanced research on efficient and clean power system. 
National High-tech Research and Development Program (also called 863 Program) (863, 
The National High Technology Research and Development Program was launched in 
March 1986 by the Chinese government, aiming at enhancing China's international 
competitiveness and improving China's overall capability of R&D in high technology. 
Based on the successful implementation during the 7th, 8th and 9th Five-Year Plan periods, it 
was officially approved by the State Council in April 2001 that the Program should be 
continuously carried out during the 10th Five-Year Plan period. 
The R&D projects under the 863 Program are funded by government, industry and 
society. Government appropriation adopts a budgeting system for project funds, and is done 
directly through the Treasury. The 863 program encourages enterprises participation and 
co-funding and supports local initiatives that are in line with the 863 Program and are 
beneficial to technology transfer. Having allocated earmarked international cooperation 
funds, it encourages international cooperation and exchange that integrate domestic R&D 
activities with the importation, assimilation and absorption of foreign technologies. Foreign 
scientists are encouraged to take part in the projects under the 863 Program in their personal 
capacity, and foreign research institutions can apply for projects sponsored by the 863 
Program jointly with domestic institutes, and share the cost and research outcomes. 
The 863 Program in the 10th Five-Year Plan period has further enhanced its interaction, 
synthesis and integration with other national S&T programs in order to form a complete chain 
of R&D activities comprising basic research, applied research and experimental development. 
Projects in ACT area under the 863 Program are mainly in three categories: 
- Advanced power generation technologies: Targets of the projects include to 
develop key indigenous technologies for USC equipment and system design; to 
develop and demonstrate FGD technologies, low cost indigenous De-NOx 
technologies; to master IGCC plant design technology, develop simulator to provide 
technical support for IGCC demonstration project; and to get break through and build 
up demonstration facility in coal gasification power generation and coal 
co-production technologies. 
Coal liquefaction technologies: Projects aim at developing indigenous indirect and 
direct liquefaction technology. 
Integration and innovative technologies: Projects include research and development 
on mercury removal and C 0 2  capture from flue gas, underground coal gasification, 
two-stage gasification and etc. 
National Key Technology Research and Development Program (NKTRDP) (NKTRDP, 
2005) 
The National Key Technologies Research and Development program was founded in 
1982 to meet partial specific needs in the multiple aspects of capital construction, technical 
reform, upgrading of industries, development of agriculture and sustainable development of 
society in China. It is financed by the state and specifically embodies the principle of 
orienting science and technology towards the main fields of economic development. Having 
been implemented for three Five-year Plans and provided a batch of key technologies and 
equipments for the economic and social development of China, NKTRDP is now an 
important component of the 9th five-year Plan. 
During the 9th Five-year Plan period, NKTRDP needs about 9 billion RMB of fund, 
which will be raised through multiple channels including governmental appropriation, sector 
or locality self-raised fund, loan from banks, implementing agency self-raised fund and etc. 
It is planned that 2.2 billion yuan will be provided by the government, in which agriculture 
occupies 630 million yuan, or 28.7% of the total, high technologies 870 million yuan, or 
39.5%, and Social development 700 million yuan, or 3 1.8%. It is also planned to provide 
about 6 billion yuan of loan as support to the development of science and technology. In 
environmental protection respect, NKTRDP projects will include research on technologies of 
flue gas desulphurization and reuse and high value appreciation of solid wastes. 
4.2 History and Status of Sino-U.S. Collaboration in ACTs 
China and the U.S. have cooperated on ACTs since they normalized their relationship in 
1979. The cooperation has helped China to build capacity and facilitated technology 
transfer to the country. However, compared with the magnitude of the challenges and 
opportunities, the cooperation is not extensive enough and lacks programs that could generate 
high leverage in ACT deployment in both countries. Significant effort is required to build 
up effective and efficient collaboration. 
4.2.1 History of Sino-U.S. Collaboration Programs in ACTs 
Since 1985, the U.S. government, private sector and multilateral development banks 
have been seeking and conducting extensive collaboration with China in ACT RD&D. 
After China's ratification of the Kyoto Protocol in 1994, the collaboration deepened 
considerably. Several workshops have taken place, including a U.S-Japan-China workshop 
on Technology transfer, GHG mitigation and sustainable development in November 1997. 
In October 1997, a joint U.S.-Chinese statement on energy and environment cooperation 
was signed during the visit of Jiang Zemin in the U.S.. It was an outgrowth of the 
U.S.-China Environment and Development Forum established in March 1997 during Gore's 
visit to Beijing. The U.S. government then initiated the Technology Cooperation Agreement 
Pilot Project (TCAPP) in 1997 as a mechanism for the technology transfers to the developing 
countries in the field of the climate change. In 1997, China had identified 20 projects that 
would reduce carbon emissions are financially viable, for which U.S. investment would be 
welcome (Michaelowa, 2000). 
Protocols 
The Sino-US collaboration in ACTs started from 1985 when the Protocol on Cooperation 
in the Field of Fossil Energy Research and Development was signed between the U.S. 
Department of Energy and the Ministry of Coal Industry in China. From 1985 to 1997, 
numerous specific annexes to the 1985 protocol were negotiated and adopted on coal-related 
issues such as mine safety and health, coal preparation and waste stream utilization, fluidized 
bed combustion, clean coal technology, coal-bed methane recovery and utilization and coal 
industry development. In 2000, the 1985 protocol was replaced and simplified with new 
annexes on power systems, clean fuels, oil and gas, energy and environmental technologies, 
and climate science (Protocol, 2001), which reduced the heavy emphasis on coal. A 
Permanent Cooperating Group of the U.S.-China fossil protocol was established that meets 
annually and has a Secretariat in both countries. Since then, a series of cooperative 
activities have occurred, which include: 
- U.S. China Clean Energy Technology Forum and Technology and Equipment 
Exhibition (Beij ing); 
- First U.S.-China Symposium on C02 Emission Control Science and Technology 
(Hangzhou) 
- Low-NO, 1 SO2 Control Workshop (2003) 
- Study of C02 Sequestration by Spraying Concentrated Aqueous NH3 and Production 
of a Modified NH4HC03 Fertilizer-joint R&D initiated at China's NPCC and 
NETL; 
- Inventory of Mercury in Chinese Coals and Emissions from Coal-Fired Power Plants; 
- Clean Coal Conference with China (Washington DC, 2003). 
U.S.-China Energy and Environmental Technology Center 
Under the auspices of the fossil fuel protocol, the U.S.-China Energy and Environment 
Technology Center (EETC) was established in 1997 to enhance the competitiveness and 
adoption of U.S. clean energy and environmental technology in China. The mission of 
EETC is to nurture trust and goodwill between the US and China on energy issues, to conduct 
binational training and education regarding technical and financial issues related to promoting 
clean energy and environmental technology in China, and to support policy development in 
China to encourage the responsible use of coal. This center is still running and the more 
details are explained in Section 4.2.2 of this paper. 
Cooperation between the U.S. EPA and Chinese SEPA 
In the spring of 1999 the Administrators of the U.S. EPA and the State Environmental 
Protection Administration of China (SEPA) signed a memorandum of agreement establishing 
a bilateral project on emissions trading and control of acid rain. The EPA has since been 
involved in several projects in China, including: 
- Feasibility Study and Training on SO2 Emissions Trading Project; 
- Air Quality Monitoring Demonstration Project; and 
- Ambient Monitoring Project. 
Collaboration between the U.S. Private Sector and China 
The signature of the fossil fuel protocol stimulated enthusiasm of the U.S. coal 
companies to invest in Chinese energy market. The AES Corporation has contracted at least 
nine coal-fired power plants in eight provinces in China during the 1990s. Sithe Energies, 
Inc., Panda Energy International, AEP Resources and the Southern Company are also among 
the U.S. companies which actively engaged in contracted coal investment in China. Almost 
all of the contracted plants are joint ventures with Chinese partners. However, no 
information indicates that the U.S. private sector has invested in Chinese advanced coal 
technology development, except that Texaco conducted an engineering feasibility study of 
IGCC in China in 1994, which was included in a U.S.-China government report on IGCC 
(Nautilus, 1999). 
In 1999, the Chinese government announced new preferential policies for foreign direct 
investment in coal projects, which give priority treatment to foreign investors and allow them 
to hold a majority share in coal projects. Exploitation of coal-bed methane, and 
development of clean coal technologies are given special priority (Wei, 2004). The 
announcement indicates the Chinese government is determined to reduce the environmental 
damage caused by burning coal for power. Together with the preferential policies, it is 
expected to invite more U.S. investment in Chinese advanced coal technologies. 
Collaboration between the World Bank and China 
From 1984 to 1999, the World Bank has invested $3.5 billion in 12 coal-fired power 
plant projects. A study shows that these projects have helped accelerate development of 
large-scale efficient coal power plants, state-of-the-art technologies for controlling power 
plant emissions, and international-best-practice environmental assessments of energy projects, 
thereby reducing the environmental impacts of coal use (Martinot, 2001). The Bank has 
also conducted studies on the efficiency and environmental impact of China's coal industry 
and has financed, with the Global Environment Facility (GEF), circulating fluidized bed 
boilers for small industries and supercritical boilers for a new power plant. The World 
Bank plans to continue financing coal projects in China, emphasizing large sized, high 
efficiency new plants and clean coal technologies that address emissions of SO2 (World Bank, 
1999). 
Collaboration between the Global Environment Facility (GEF) and China 
Between 1996 and 2001, the GEF has invested $32.8 million in the China Efficient 
Industrial Boiler Project (CEBP). The CEBP was implemented by the World Bank and 
executed by the Ministry of Machinery Industry of China. It was a very complex project 
covering many sub-projects, with more than 30 implementing institutions (government 
agencies, boiler manufacturers and users, research institutes and other stakeholders), nine 
different boilers and a number of additional auxiliary supplementary equipment. The 
project transferred to China more fuel-efficient, small and medium-sized coal-fired industrial 
boiler designs that help reduce greenhouse gas emissions as well as emissions of total 
suspended particulates, sulfur dioxide and nitrogen oxides. (World Bank, 1999). 
Collaboration between the Environmental Defense and China 
The U.S. non-governmental organization, Environmental Defense, has played an 
important role in China's air pollution control. In 1999, SEPA asked Environmental 
Defense to coordinate all case studies being conducted for the various international projects 
on emissions trading and acid rain. Environmental Defense has also provided technical 
assistance for the development of China's emissions trading program in obligation allocation, 
permits, emissions trading documents, and monitoring of compliance (U.S. Embassy, 2003). 
4.2.2 Status of On-Going Sino-U. S. Collaboration Programs in ACTs 
Currently, the only on-going Sino-U.S. collaboration program in ACTs is the EETC. 
The U.S. headquarters of the EETC is located at Tulane University and its Chinese 
headquarters is located at Tsinghua University, Beijing. The EETC was fmded initially by 
the U.S. DOE and the U.S. EPA, along with the contribution from the private sectors (GTI, 
Powerzinc and NRDC). China's State Science and Technology Commission (now the 
Ministry of Science and Technology or MOST) also cost shares the operation in China, which 
is jointly operated by Tulane and Tsinghua Universities. EETC is working with its Advisory 
Board in seeking diversification of funds from federal agencies and the private sector. 
EETC has been focused primarily on facilitating the transfer of U.S. clean coal and 
emission reduction technologies to China, and intends to expand its focus to include more on 
clean energy and renewable energy sources such as biomass, non-carbon based energy 
supplies, and carbon management technologies. The Chinese government agencies and 
scientists have expressed great interest in these technologies. So far, EETC has established 
a good foundation in the U.S. and China to promote China's adoption of U.S. clean energy 
technology and equipment, especially the clean coal technology developed by the DOE, such 
as IGCC, direct coal liquefaction and improving boiler performance. However, since the 
U.S. DOE'S requests to Congress to support clean coal technology in China were repeatedly 
rejected, EETC's work has not gone beyond information dissemination and training. 
4.3 Potential Areas for Sino-U.S. Collaboration 
4.3.1 Clear the Barriers 
The overview of the ACT RD&D in China and the Sino-U.S. collaboration in ACTs 
indicates that the Chinese market for U.S. ACTs is huge, but the collaboration has not 
explored the full potential of the market. Investigation into the historical cooperative 
activities reveals two major barriers against more effective collaboration, which are (I)  the 
prohibition on U.S. governmental aid to China, a communist country; and (2) the poor 
enforcement of intellectual property right (IPR) protection in China. The prohibition has 
resulted in the reality that the U.S. government has engaged only in activitiesthat require 
minimal funding, such as visits and workshops, and has severely limited the U.S. 
governmental influence on Chinese energy and environmental issues. The notorious 
prevailing violation of IPRs in China has become the major worry for the U.S. private sector 
when considering technological investment in China. 
Since ACTs are closely related to environmental protection, it is the time for the U.S. 
government to reconsider its policy regarding aid to China on ACTs from environmental 
point of view. The level of ACT development and application in China has direct impact on 
its emission levels, which are major factors that influence global environment. The earth's 
climate system does not recognize national borders and pollution needs no visa. The 
ever-increasing greenhouse gasses and airlwater pollutants from Chinese coal consumers 
have joined a global transboundary pollutants conveyor belt, which is circling around the 
world and sending airborne polluting chemicals and particulates from one country to another, 
posing global climate and health threats. Some scientists have estimated that 30% or more 
of the mercury settling into America's ecosystems comes from abroad, especially China 
(Pottinger et al., 2004). Assisting China to adopt ACTs earlier and faster would benefit 
American's health as well as global climate. In addition, collaboration with China would 
help the U.S. capture the new annualcoal capacity additions in China, which could generate 
sales of U.S. ACTs with a commensurate creation of new U.S. jobs. Spread of U.S. ACTs 
would also lead to cost reduction along learning curves and, thereby, promote wide domestic 
adoption of these technologies. 
Another approach is to avoid using federal funds but borrow the financial power of 
multilateral lenders such as the World Bank to support the collaborative projects. The DOE 
could provide project management and technical support in these projects. 
On the other hand, significant effort is required of Chinese government to strictly enforce 
IPR protection. Violation of IPRs and Chinese government's powerlessness in addressing 
this issue are infamous worldwide, which has deterred foreign investors. ACT RD&D, 
especially ACT demonstrations, involve tremendous investment and, therefore, requires high 
security against IPR violation. To encourage American ACTs transferred to China or attract 
foreign investment in ACT RD&D in China, the Chinese government must create a favorable 
environment for foreign investors/technology providers. This can be achieved by educating 
the public on IPR issues, design enforceable laws, or signing agreements with foreign 
investorsltechnology providers to assure compensation for damage and pledge prohibitive 
penalty against violation of IPRs. 
4.3.2 Potential Areas for Collaboration 
A study has found that multiple channels of technical change are operating 
simultaneously in China to achieve a variety of economic objectives (Fisher-Vanden, 2005). 
In addition to investing in internal R&D that emphasizes cost-cutting process innovations, 
firms are also willing to expend resources to import foreign technologies that are in short 
supply within China. These foreign technologies tend to be comparatively capital-intensive, 
but they are able to generate higher value added products, which can compensate firms for 
the high costs of the technologies. This phenomenon suggests that Sino-U.S. collaboration 
may focus on those ACTs that could generate revolutionary technical change in China, rather 
than those would bring incremental technological advance. Demonstration of IGCC and 
deployment of U.S. demonstrated ACTs should be the focuses. 
Collaboration on demonstration of IGCC 
At present, the most attractive technology for the collaboration is IGCC. On one hand, 
IGCC is a technology that is currently available and has the highest capacity to address the 
near-term and long-run needs of both countries. The higher efficiency and lower emissions 
of conventional pollutants provided by IGCC help meet the near-term energy supply and 
environmental protection goals in both countries. A study at MIT" has found that although 
IGCC is still more expensive than PC at present, it can be retrofitted to separate and capture 
C02 at lower cost than USC., when carbon emissions control will most likely be mandated 
first in the developed countries and then in the developing countries. Therefore, 
economically viable and technically reliable IGCC technologies would provide both countries 
the flexibility to adapt to carbon emissions control regulations. Finally, IGCC's ability to 
co-produce hydrogen adds potential for clean transportation fuel. 
On the other hand, lGCC is a technology that collaboration could generate high leverage. 
In the U.S., IGCC has developed to the demonstration stage and need further cost reduction 
and reliability improvement. In China, gasification has been commercialized and IGCC is 
receiving increasing interests, but lGCC is still at budding stage. Collaboration could 
enable China to jump to the American level in IGCC development, and to contribute its 
cheaper labor and other resources to IGCC demonstration, which meets the needs of the U.S.. 
The greatest challenge for the collaboration in IGCC is to motivate Chinese power 
industry to invest in IGCC demonstration. Power industry and coal industry are the two 
major stakeholders in IGCC development. Chinese coal industry favors IGCC because it 
offers them more profitable business opportunities in generation of chemicals and power. 
The flexibility provided by the multi-products also enables them to hedge against risks 
caused by changing regulations and markets. However, Chinese power sector is less 
11 The Future of Coal in a Greenhouse Gas Constrained World, a project conducted by MIT Laboratory for 
Energy and the Environment during 2004-2005, has found, preliminarily, that while adding carbon capture 
process to a PC plant would decrease its efficiency by roughly 1196, it would only decrease the efficiency of an 
IGCC plant by about 7%. (Bohm et al., 2005) 
interested in IGCC because of its existing infrastructure for conventional generation and high 
costs associated with IGCC. This sector has more political power than the coal industry, and 
its power is increasing along with the on-going electricity deregulation process. ,Therefore, 
pushing the power industry toward IGCC remains a great challenge. , . .- a 
A combination of the following two approaches may help meet the challenge. . .One is to 
CP 
seek cooperation with Chinese coal industry, and use their market power arid relationshi+ 
with the power industry to push the latter toward IGCC. The Chindndia Energy study 
Group at the MIT Industrial Performance Center has conducted a field study in China in 
March 2003 and found that many changes in China has grown out of particular localities and 
had the chance to disseminate from regional level to national level (Steinfield et al., 2005). 
This implies that there is fairly high possibility for Sinq-US. colhbration on I W C  starts 
from firm level and works way up to national level. Another is to set more stringent 
emissions standards or even impose carbon tax to make IGCC attractive economically. Of 
course, the second approach requires fundamental improvement in Chinese values and 
technical and financial support from international society, which needs further stydy in the 
future. 
. - - * "  ' L  - 
Collaboration on Deployment of Demonstrated ACTS 
A potential area for collaboration is in conventional pollutants control devices. While 
Chinese will not give carbon emissions control priority in the near term, they have attached 
great importance to conventional pollutants control. China is demonstrating ~OW-NO, and 
SCR, which have been demonstrated in the U.S.. An important way to make technical 
change in Chinese firms is to adapt foreign technologies to lower-cost ones through internal 
R&D so that they can be afforded by Chinese industries (Fisher-Vanden, 2005). This 
provides an opportunity for the U.S. ACT providers to enter the Chinese market. These . 
providers could expedite the adaptation by providing technical -- help and, therefore, share the 
benefits of increasing deployment of U.S. technologies and experience to reduce the costs for 
the U.S. market. 
Another potential area for the collaboration is USC. China has invested in USC RD&D 
and gained experience in this area. The U.S. has not focused on this technology, but 
possesses advanced technology in materials and turbines, which are critical components for 
USC development. Joint effort between the two countries on USC RD&D would not only 




ACTs will play an indispensable role in the U.S. and China's future energy systems in 
terms of providing the nations with reliable, affordable, secure, energy supply in a transition 
phase towards sustainable economy. It is obvious that both the U.S. and Chinese 
governments regard coal as a significant energy supply for their economies. Given the huge 
expected growth of coal-based power generation and stricter emissions control standards, 
there will be great potentials for developing ACTs in both countries. 
This paper evaluates the advanced coal technology research, development and 
demonstration programs at the U.S. Department of Energy since the 1970s. The evaluation 
is conducted from a portfolio point of view and derives implications for future program 
design and implementation. The evaluation framework consists of four categories of criteria 
that assess the portfolio from strategy, diversity, partnership, and project merit points of view. 
The analysis of the successes and the failures of the past programs in technical, financial and 
managerial respects reveals the following findings. 
The U.S. DOE ACT RD&D programs have remarkably advanced several coal 
technologies and accumulated successful program management experience over the past three 
decades. From technology point of view, the CCTDP has successfully demonstrated a 
spectrum of ACTs on commercial scale. The demonstrated technologies are competitive 
over a well-balanced range that covers environmental control devices, advanced power 
generation, coal processing for cleaner fuel and industrial application. The program has also 
accelerated commercialization of low-NO, burners, reburning system, SCR and SNCR in the 
U. S., and commercialization of FBC overseas. The R&D programs in combustion, 
pollution control, gasification, turbine, carbon sequestration and advanced research have 
generated significant innovations in FBC, burner designs, refiactory materials, conventional 
pollutants (SO2, NO,, and particulates) and mercury control, gas clean-up system, solid oxide 
membranes for separations, and advanced combustion turbine that has efficiency over 60%. 
These innovations have strongly underpinned the successful demonstration under the CCTDP 
and are continuing provide sound technical support for the following demonstration programs, 
the PPII and the CCPI. The R&D effort in carbon sequestration has generated a sound 
knowledge base for further R&D and possible demonstration. It should be understood that 
the CCTDP was far from uniformly successful or free of political influence; nevertheless, it 
did succeed in providing numerous demonstrations that successfully advanced ACTs. 
The technological achievements have equipped coal with sufficient ability to play an 
indispensable role in the U.S. energy supply system in the coming decades. They also 
positioned the U.S. coal industry and power industry for the foreseeable more stringent 
environmental regulation, especially the potential constraint on carbon emissions. The 
ability to supply energy and the readiness for stricter environmental regulations, combined 
with its abundance in the country, make coal a strong contributor to U.S. energy security. 
From program organization point of view, the CCTDP has accumulated successful 
experience for demonstration programs, which are: (1) The program goal was well defined; 
(2) All projects have been fully funded up front to enabled to cokdntrate on 
project implementation; (3) Industry has shared more than 50% of the programs cost with 
new money; (4) The DOE share of project cost growth was capped to incentivize industry to 
be more cautious about project risk; (5) Industry was authorized to design, build, operate and 
own facilities, which not only optimized use of expertise and resources, but also served as 
important incentives for industrial participation; and (6)In general, the program created a 
degree of competition for a range of technologies to hedge program risk. These features 
provide implications for future demonstration programs. 
Notwithstanding the technological and management successes, viewed from portfolio 
standpoint, the programs have a number of major problems. With regard to the portfolio 
structure, a certain level of imbalance exists in the portfolio. First, important near-term 
technologies such as high efficiency combustion (especially are missing in the R&D 
program. Second, modeling and simulation application to ACTs are scarce, as contrasted 
with its wide application in other high-tech R&D fields. Third, R&D and basic research 
have been under-invested, which has limited the opportunity for disruptive technology 
innovation over the past decades. Fourth, university and national laboratory participation in 
ACT R&D has not been sufficient. Finally, there has not been substantial international 
collaboration in the programs. Especially, although the common interests in coal and the 
common challenges posed by coal use between the U.S. and China, combined with China's 
significant role in world coal production and consumption, place spotlight on Sino-U.S. 
collaboration on ACTs, there has not been high-leverage collaborative activities between the 
two countries. 
With regard to program management, the current DOE system inherently impedes 
efficient implementation of demonstration programs. The government, although lacking 
expertise in business decisions, has imposed management and operating requirement on some 
commercial demonstration projects. Some technically unqualified projects were selected 
into the programs. In addition, termination procedure of unpromising projects has not been 
efficient, which resulted in some loss of resources. 
With regard to program design, FutureGen and the CCPI have not been well-designed. 
On one hand, as a demonstration program, FutureGen is not inheriting the CCTDP's 
successful experience. Instead, it is going to the opposite to the features of the CCTDP-it 
has no well-defined goal, the funding future of the program is highly uncertain, and it is 
narrowly focused on a single technology and a single managing consortium. These 
contrasting features make FutureGen over risky. On the other hand, the CCPI is not using 
public funds efficiently because the technologies to be demonstrated in the current projects 
are only incrementally advanced compared with the CCTDP, many of whose demonstrated 
technologies have not been successfully deployed. Lessons should be learned and measures 
designed to avoid the similar failure in deployment. Moreover, over high technical risk and 
financial risk are embedded in FutureGen, which may result in failure of the program. 
5.2 Recommendations 
'. 
In general, the DOE ACT RD&D programs have contributed significantly to the 
advancement of ACTS in the U.S. and in the world. Nonetheless, in order to make future 
programs more efficient and return on public investment higher, the following changes are 
needed: 
Strive for more balanced portfolio structure. 
The DOE should seek opportunity to enhance RD&D in high efficiency combustion 
technologies and promote application of modeling and simulation to ACT R&D. The focus 
of investment of public funds should be shifted from demonstration programs to basic 
research and applied R&D to foster disruptive technology innovations, in which the strength 
of universities and national laboratories in R&D should be brought into full play. Among 
the R&D programs, the carbon sequestration program should be specially enhanced, 
considering its critical role in deciding the prospects of continuing coal use in a greenhouse 
gas constrained world. 
Refer to the organization features of the CCTDP and restructure the FutureGen 
program. 
The organization of the CCTDP has been proved successful for many projects. The 
DOE should use the experience for reference and redesign FutureGen. For instance, the 
program goal should be better defined and funding mechanism decided correspondingly. In 
addition, technology option in the program should be diversified and the matching fund 
requirement re-evaluated in the context of a non-commercial demonstration. Further, the 
fundamental decision of building such an integrated system should be re-examined. 
Reform the management system for more efIieient program implementation. 
There should be division of labor and division of power in the program design and 
implementation process to ensure the integrity and efficiency of the management system and 
to guard public interest. The DOE should identify gaps between public interests and private 
interests, design programs to fill the gaps, create competition, and make sure the knowledge 
gained is shared by the public. More rigorous termination procedures are needed to reflect- 
evolving market and regulation conditions. On project implementation level, industry's 
right to make independent business decisions should not be intervened for commercial . 
demonstration projects. 
Redesign FutureGen program to ensure due return on public investment. 
The DOE should reconsider the excessively high technical and financial risks borne by 
FutureGen and its necessity at present. It may be more reasonable and promising to divide 
the program into several separate projects to learn more key processes and technologies. 
Enhance international collaboration on ACT RD&D, especially that with China, aiming 
to promote deployment of U.S. ACTs. 
International collaboration on ACT RD&D should be enhanced for more efficient and 
effective ACT innovations and wider deployment of U.S. ACTs. The DOE should pursue 
political support from Congress for the collaboration and provide accompanying public 
policy as incentives for ACT investment, diffusion and deployment, especially in China. At 
present, collaboration should focus on IGCC, USC and pollutant control technologies. 
Efforts should be made to assist in identifying Chinese market opportunities for U.S. ACT 
providers, adapting U.S. ACTs to Chinese market, bringing Chinese buyers together with U.S. 
sellers and securing financing for the collaboration. The collaboration should start from 
Chinese coal industry and in a bottom-up manner-from firm level up to national level . . 
involvement. 
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AirIWastes Emissions Goal 




Establish technical feasiblilty and economic viability of power+H2 
production with near-zero emissions; 
Verify sustained, integrated operation of IGCC + Sequestration; 
Verify effectivenss, safety, and permanence of carbon sequestration; 
Establish standardized technologies and protocols for C02 
measurement, monitoring, and verification 
Gain acceptance by the society for the concept of coal-based systems 
with near-zero emissions 
Environmental studies 











sensors and controls, 
and byproduct utilization 
275 MWe 
99% SO2 removal; 
0.05 1bIMMBtu NOx emissions; 
0.005 IblMMBtu Particulates emissions; 
90% mercury removal 
Sequester C02 at an operation rate of 1Mtlyr; 
Sequester at least 90% of C02 with potential for 100% sequestration 
Economically viable 
$1 bn (Federal: 80%, Industry: 20%) 
Initiated from Feb. 2003; 10 yrs 
Appendix 5. Advanced Combustion Systems Project List 
A W d a t m t i v g & ~ W ) T ~ E P r M c F i f V s n  
Advanced Power Systcms Studies 
u . < '  
for Protection of AWenitic Steel in Coal-Firad S100.oOO 
Cornbution R&D Project 
d a n v  CoatFlow to Burners ia Bdlers with Pr&d Vatiul 
I C a m w c i o l ~ m o f t h e l M r n ~ ~ ~ ~ ~  Utili spray Dryer Ash 
DUr8tiOll 
I C o n c q t d  Design of  Oxygen-Bast@ PC Boiler I Coathous Pftr~~ura Zjectiaa of Sdid F d s  into Ahmead t7h&wb Sy#m Pressures 
B* 
%riwr Nlional L a k  Nolr-hff~t Universitie~ 
Design, Fabricstion, and Bench Testing of a Taroco ~~~YKuI Ratio Pymm~tg 
Is- 
DOE share 
I Devdopnent and D e m W a n  of  a Pilot S d e  Facility for Fabrication and ~ a g a f t i g 4 w 6 i g b t ~ ~ o i b n a r s b c r r , m d M o d r s  I Devdopmcnt nnd Utilitiaa of  Test Facilities for tbe Study of C d e  Film Su&e . -. ' . 8 . L'. I Development of Hybrid A d v d  NOx C d  for Detroit Ediwn River R w  3 1 
I Engine- Developmmt of M v d  CcnlQind Lu&dda 
I Establislwent of  rn Envi-tal Control TcchuoIalgr Cil.wlrting Fluidized Bed Corsburtion System . .  . 
997-2W $941.6 
unece Pand Test 
. . . , 
Note: Government agency is r w Q e d  ss n&o;al lab; p e ~ p f i t  organizations as businesr. . 
-". >"I 
I Projects contain modeling or simulation 
Appendix 6. Pollution Control Project List - - -,- - - - ------- - - 
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p.m. *--w" - d 7--------- 
. . , . ?$ < *. . m-.,.,n 
~ o ~ l o n  ~ o u t n l  IUD ~k@&% E&&II ' DOE share 
Business No*-Profit UnivemMes 
A Consort~um la Ernision bntral By~Produets: T r ~  "ll$lI,f99 56% 
and Use 
A study of the ~flbcts i f  post nia 
Injection on Fly-Ash Quality; 
Advanced Fine Particulate C- . . Methods 
' !  
Airborne Measurements of T- Gas and' ~ e r k 1  skies 
During the Summer 2002 Northeast Air Quality Study 
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Monitoring Sites 
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ne-Formation Tmmpwt & ~~ 
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Enhancing the Atomic Level understanding of C02 Mineral 
Sequestration Mechanisms via Advanced Computational 
Modeling 
Pollutant Control Techaology for Utility Boilers 
Remediation sqbpaolarrad Inm Ore Mine -&am 
Note: G0v-t agency is r e g a d d  as national lab* per-p;sofit organizations as buskss. 
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Management and Development of the Warn Resources 
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Advanced Gas Turbine Systems Research 
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Appendix 9. Carbon sequestration Project List 
- L  =- - +Lare J%*-32 
. .  Sequestration R&D Project 
A Sea Floor Gravity Survey of the Sleipoer Field to Monitor C02 
- $ e n ! .  . . 
Advanced C02 Cycle Power Generation . ' .? . 
7.- ;, 
Advanced OxyfUel Boilers and Process Heaters for Cost Effective C02 4'!q 
Capture and Sequestration 
--rw z,, . - ca,.;"t- '2.  
Advanced Plant Growth - .  ., . I 
L . . .-. 
:&!a. $,=& . . ,, ,- . .$ 
An ImporQat Record of Climate Cbasgc at the End of the C-1~9 PeriDd 
IAn Integrated Modeling Framework for Carbon Management Techhologies 
Applicabon and Development of Appro riate Tools and Technolog!es fc 
; ~ o s t - e ~ v e  carbon sequestmtion jf;i~g~, + I 
Assming Fossil Fwl and Recent Caky Pools in 
" P- 
L .' 
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: , k & l :..'S.-q Zii 
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' 0 2  Capture Project 
-
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' +  B = 
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CO2-Water-W b &om and the Mqgity of irodynam 
Carbon Caphue and Water Emissions Treatmat Syskm (C 
Fossil-Fuded El& Genera . 
j (c-II mxide ~rptme From Flue bas using hy ~egenerabl, y m  P 
mceprwl Design of ~ ~ t i m i r e m l !  Energy Syste 
. 
:questration of C02 ; k~ 
Development of Superior Sorbents for %paration of C02 fr a 2BD3-2Ml 
p IWide Tempemre Range Cal CanbWian: 1C Phrc II y v .  
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. . '  
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- - 
~ ~ o l l ~ n ~ ~ ~ ~ ~ & , $  
Fossil Fael Ctmb: Bypmba . . 
loratory Research on Simulation of 
I 
----- 
'otential of the.Black Warrior Coalbed Methane Fairway, Alabama 
PJeologic Sequestration of C02 in Deep, Unmineable CoalbeC- 
Labratoj ~nwstigaiolls iis ,, ,,,2:tt%;~ 1 - , :y i2 ' 
Sequestration in 0mae LMm2005 
I Sequestration R&D Project ' I  Duration I - Business Nftiy' Non-Profit Universities lDoE sharj 
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Ocean Carbon Sequestration 
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Organization of 2003 National Carbon Sequestration Conference 
Photoreductive Sequestration of C02 to Form C 1 Products and Fuel 
. - Plains C02 Reduction Partnership . . . . 
Prehmnary Characterization of C02 Separation and Storage Properties of k001-2003 Coal Gas Reservoirs T. ...:'y..<:..-  r : -  
R&D Entitled, "Large Scale C02 Transportation and Deep Ocean 
Sequestration 
Reactive, Multi-phase Behavior of C02 in Saline Aquifers Beneath the 
Colorado Plateau 
Recovery & Sequestration of C02 fiom Stationary Comb. Systems by (' 
. L - x " U -  7i.L ' 
Photosynthesis of Microalgae 2000-2005 
*.---A 1; Recovery ofC8rbon Dioxide in Advanced Fossil Energy . )I r -2002 
I Restoring Sustainable Forests on Appalachian M i d  Lands for Wood Products, Renemble Energy, Carbon Seuueslration, and Other Ecosystem I S-ws J%s.?LFr -- m,7 . , *.' S C ~  . - - ~ ~ c r o a l g a e  tor 
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Appendix. 10. AdqinFkI ReGtirch Project List 
ia m Atomic Love1 Udcm&n&g to Bn&wb C02 Mineral . 
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lmplcts o f C ~ d $ B i ~ W R  Fauil Riels '"" "" 
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IDIQ ~graemsnt 
. .  . . 
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I 
C d s  
msor System Based on Semi-Conductor Metal Oxide Techndogy F a  B 
Detecticm of Cod-Eirod Combustion Gases 
van& Po- Sysicms Analysis Tools 
osphsrio Fluidized Bed Combustion System for Small Scale Markets 
a$& ' . 58% 
cnt Sensor With Sol-(% Dorived RaSnctivc Materia 
Temperature Gas Sensing in Clean Cool TI 
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Advanced Rgcrrch Project 
Development of ODs Heat E X ~ C T  Tutnng 
Light WaigST IWMhpwb Hydrogat 
;.' - 3 . \ 
Minimizing Contamhion frrrm Mechanical Alloying in ODCS""' 
Computer Aided Design of  Advanced Turbine Airfoil Systems for 
Envi-------s 
Cont9minatio11-Ru Two-Phase Membmes for High 
T e m m  Hydfogcu Sepiuation 
Corrosion Protection of Ultra-High-Tempaahlre Intermetallic 
mays 
Dense Membnme for Hydrogen Separation B a d  on High protc 
Conductivity and Chemical Stability 
Development of Advsnced Matnials for Ul-tical Boilr 
SY- 
Development of Ceramic Membranes for Hydrogen Separation 
-- - 
Budset 
Advanced Research Projwt Dw8- DOE share 
Bwinsrs National L a b  Non-Profit ' Universities 
Ihoductim of Puce la Froo Hydroarbom Using a Pd Membraac Reactor 
~ a ; l c o d c * s $ w ~ a n d i j y ~ ~ c h i p s  . - I..--, 1 
Il&;i.i .. Refractory Matsdal 1- in Gasifiers ' 
Reliable Ceramic Carti* for High-Temperature Environmental Resistance 
m2003 in Fossil Environments 
Resilient Sealing Mataids For Solid Oxide Fuel Cdls 
Solid Oxide FuelLCdl Wearch and Dtvdaprpeqt 
a*-- TEl-l-..- c*-*-.. . < 
u$n Iu -u~  rjtct*uulyw uy).aw1uV 
Srmcnual C&c Composites 
Study of Corrosion of Alloys in F3C and Mixed Gas Environments /1996#X@ ' . . 
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Appendix 13. Commercialization of Technologies Demonstrated under CCTDP 
Project 
10-MWe Demonstration of 
Gas Suspension Absorption 
LIFAC Sorbent Injection 
Desulfurization 
Demonstration Project 
Demonstration of Innovative 
Applications of Technology 
for the CT-121 FGD Process 
Full-Scale Demonstration of 
Low-NOx Cell Burner 
Retrofit 
Evaluation of Gas Reburning 
and Low-NOx Burners on a 
Wall-Fired Boiler 
Demonstration of SCR 
Technology for the Control 
of NOx Emissions from 
High-Sulfur Coal-Fired 
Boilers 
180-MWe Demonstration of 
Advanced Tangentially 
Fired Combustion 
Techniques for the 
Reduction of NOx 
Emissions from Coal-Fired 
Boilers 
Demonstration of Advanced 
Combustion Techniques for 
a Wall-Fired Boiler 
Sales 
Sold domestically and internationally. GSA market entry was significantly enhanced with the sale of a 50-MWe 
unit, worth $12.5 million, to the city of Hamilton, Ohio, subsidized by the Ohio Coal Development Office. A 
sale worth $1.3 million has been made to the U.S. Army for hazardous waste disposal. A GSA system has been 
sold to a Swedish iron ore sinter plant. Two GSA systems valued at $1.8 million have been sold to Taiwan Sugar 
Corporation for their oil-fired cogeneration plant. Airpol sold a GSA system valued at $1.5 million to a 
petroleum coke calciner in India. Other units include a $300,000 GSA system at a municipal msk incinerator in 
Utah, a $3 million GSA system at a waste incinerator in Holland, and a $500,000 GSA system at a municipal 
waste incinerator in Minnesota. 
Sold domestically and internationally. The LIFAC system at Richmond Power & Light is the first to be applied 
to a power plant using high-sulfur (2.0-2.9%) coal. The LIFAC system has been retained for commercial use by 
Richmond Power & Light at Whitewater Valley Station, Unit No. 2. There are 10 full-scale LIFAC units in 
operation in Canada,China, Finland, Russia, Japan, and the United States, including 5 projects started before the 
CCTDP. For three sales in China, the estimated value is $44.6 million. 
Sold internationally. Plant Yates continues to operate with the CT-121 scrubber as an integral part of the site's 
CAAA compliance strategy. There are now 22 CT-121 plants in the planning, construction, or operational phase 
worldwide. Thereare 17 CT-121 plants (10 operating on coal) operating in Japan, Australia, Canada, the Czech 
Republic, Korea, Denmark, Malaysia, and Kuwait. The value of these 17 plants is estimated at $2.03 billion. For 
the projects in the planning stage, the value is estimated at $880 million. 
Sold domestically. Dayton Power & Light has retained the LNCB@ for use in commercial service. Seven 
commercial contracts have been awarded for 196 burners or 5,475 MWe of capacity, valued at $30 million. 
Sold domestically and internationally. Public Service Company of Colorado, the host utility, decided to retain 
the low-NOx burners and the gas-reburning system for immediate use; however, a restoration was required to 
remove the flue gas recirculation system. Since the CCTDP, the participant has installed or is in the process of 
installing the gas reburning or the gas reburning-low-NOx burner technology on 1 1 boilers representing 2,310 
MWe of capacity. Estimated value is over $50 million. 
Sold domestically and internationally. Since the project was initiated, revenues from SCR sales achieved $7.1 
billion through 2002. 
Sold domestically and internationally. LNCFSTM has been retained at the host site for commercial use. Alstom 
Power has sold about 67 GWe of LNCFSm burners. Of this amount, about 49 GWe are equipped with overfire 
air and 18 GWe are without overfire air. Total sales are estimated at $1.35 billion. 
Sold domestically and internationally. The host has retained the technologies for commercial use. Foster 
Wheeler has equipped 83 boilers with low-NOx burner technology-a total of over 1,494 burners representing 
over 26,635 MWe capacity valued at $86 million. Foreign sales make up 35 percent of the commercial market. 
Twenty-six commercial installations of GNOCIS, the associated artificial intelligence control system, are 
underway or planned. This represents over 12,000 MWe of capacity. 
(Source: DOE, 2003) 
Project 
SNOFM Flue Gas Cleaning 
Demonstration Project 
LIMB Demonstration 
Project Extension and 
Coolside Demonstration 
Milliken Clean Coal 
Technology Demonstration 
Project 
Integrated Dry NOx/S02 
Emissions Control System 
Tidd PFBC Demonstration 
Project 
Nucla CFB Demonstration 
Project 
Tampa Electric Integrated 
Gasification Combined- 
Cycle Project 
Development of the Coal 
Quality ExpertTM 
ENCOAL@ Mild Coal 
Gasification Project 
Sales 
International use. The host utility, Ohio Edison, is retaining the SNOXTM technology as a permanent part of 
thepollution control system at Niles Station to help meet its overall SO2 and NOx reduction goals. Five 
commercial SNOFM plants are also operating in Japan, Russia, Denmark, The Czech Republic, and Italy. 
Sold domestically and internationally. LIMB has been sold to an independent power plant in Canada. Babcock & 
Wilcox has sales of 2,805 DRB-XCL@ burners for 38,284 MWe of capacity (20,291 MW internationally and 
17,993 MW domestically). The low-NOx burners have an estimated value of $388 million. 
Sold domestically. Eight modules of DHR Technologies' Plant Emissions Optimization Advisor (PEOA), with 
an estimated value of $280,000, have been sold. DHR Technologies, Inc., is no longer in business and New York 
State Electric & Gas Corporation owns the PEOA software. ABB Combustion Engineering has modified 1 16 
units representing over 25.000 MWe with LNCFSrM or ~ t s  derivative TFS 2000fM. 
Sold domestically. The technology was retained by Public Service Company of Colorado for commercial service 
at its rapahoe Station. Babcock & Wilcox has sales of 2,805 DRB-XCL@ burners for 38,284 MWe of capacity 
(20,291 MW domestically). The low-NOx burners have an estimated value of $388 million. 
Sold internationally. The project's success has led Babcock & Wilcox to invest in the technology 
and acquire domestic licensing rights. 
Commercial coal-fired ventures abroad include the following: 
- Vartan in Sweden is operating two P200 units to produce 135 MWe and 224 MWt*; 
- Escatron in Spain is operating one P200 unit producing 80 MWe*; 
- Wakamatsu in Japan has retired one P200 unit that produced 71 MWe; 
- Cottbus in Germany is operating one P200 unit to produce 71 MWe and 40 MWt; 
- Karita in Japan operates one P800 unit to produce 360 W e ;  
- Chuoku in Japan to produce 250 MWe; and 
- Tomato-Atswo plant in Japan to produce 80 MWe. 
The value of these projects is estimated at $1.35 billion. 
Sold domestically and internationally. Since the demonstration. Foster Wheeler Energy Corporation, the 
technology supplier for the demonstration effort, made sales in Germany. Italy. Poland, Taiwan, China. India, 
Korea, Thailand, Indonesia, Finland, The Czech Republic. Denmark, Sweden. Austria, Spain. France, Canada. 
and Switzerland. Domestic sales constitute almost 2 GW and international sales over 6 GW. 
Sold domestically and internationally. First greenfield IGCC unit in commercial service. Texaco, Inc. and ASEA 
Brown Boveri signed an agreement formlng an alliance to market IGCC technology in Europe. There are 20 
Texaco gasifiers representing 3,871 MW in the development or operation phase at an estimated cost of $2.15 
billion. There are 14 Tesaco gasifiers representing 7,246 MWe in the planning phase at an estimated cost of 
$5.12 billion. 
Sold domestically and internationally. The Electric Power Research Institute (EPRI) owns the Combustion 
Engineering software and distributes it to EPRI members for their use. CQ Inc. and Black and Veatch have 
signed commercialization agreements that give both companies nonexclusive worldwide rights to sell user 
licenses and offer consulting services that include use of CQE@. More than 22 U.S. utilities, two United 
Kingdom utilities, and one utility in France have received CQE@ through EPRI membership. Two modules of 
the Acid Rain Advisor valued at $6,000 have been sold. EPRI estimated that the Acid Rain Advisor has saved 
one U.S. utility about $26 million-more than the total cost of the demonstration project. There have also been 
two sales of the Windows version of the software (Vista) at an estimated value of $1 80,000. 
Domestic and international sales pending. In order to determine the viability of potential mild coal gasification 
plants, five detailed commercial feasibility studies-two Indonesian, one Russian. and two U.S. projectehave 
been completed. 

Appendix 15. Overview of Coal and Advanced Coal Technologies in China 
Geographic Distribution of Coal Deposits 
Almost four-fifths of China's coal reserves are moderately low sulfur bituminous coal, 
with 1 5% as lignite and 6% as anthracite. Average Chinese coal has an ash content of over 
25%. which is much higher than the typical figure for many other countries (e.g. most U.S. 
coals contain 5-1 0% ash). Most of the reserves, including almost all the highest grade coal, 
are located in northern China. Coal-bearing sediments cover over 5% of the Chinese 
territory,12 but the majority of China's proven coal reserves lies between 300-500 meters 
deep and are made up of relatively thin seams. A map of China's coal deposits is shown in 
Figure 23. 
Coal Mining in China 
China's coal-mining industry is the world's largest, with an annual output that exceeded 
about 1 billion metric tons by the early 1990s. Many small local coal mines are found 
throughout the country, while the major centers are located north of the Yangtze River, 
especially in Shanxi. The completion and commissioning of the Three-Gorge project and 
the western natural gas transmission to the east project are expected to adversely affect coal 
mines in the Yangtze River alluvial delta area and some part of south and mid China, and 
stunt the market for some high sulfur coal, anthracite coal and low-grade coal. 
Most of China's coal mines are located far from the cities where the coal is consumed, 
hence coal accounts for a large portion of the railway freight. Few of these coal mines 
utilize modem mechanization for coal extraction, while many of them have been losing 
money and only continued to operate because of government subsidies. Since 1997, China 
has implemented reforms aimed at closing down small unprofitable mines and making larger 
ones profitable. More than 60,000 of the 82,000 small coal mines nationwide have been 
closed from 1997 to 2001 . I 3  In January 2001, the government announced a plan to 
restructure the country's numerous mines into seven geographically organized conglomerates, 
so as to prepare the sector to attract future investment. China's 10th Five-year Plan outlines 
the establishment of one or two coal companies with annual production of over 100 million 
tons each, and five or six with production capacity exceeding 50 million tons each by 
encouraging mergers and acquisitions among established coal companies. 
l2 DOE, An Energy Overview of the People's Republic of China, 2005, 
http://www.fe.doe.aov/international/EastAsia and Oceania/chinover.html 
Changes to Breathe New Life into Coal Secto~ China Daily, Decemeber 2 1,200 1. 
Figvre 23. China's Coal Deposits 
(Some: DOWBA) 
Coal Use and Technologies in China 
China's power sector consumes a large amount of coal. China is the world's second 
largest producer of electricity after the Unites States. Its installed power generating capacity 
was 384+5GW$ by the ead of 2005, of which 83% is thermal, 15% hydro, and 1% nuclear.14 
Coal-fued power plants provide more than 900/0 of thermal generation. Given the huge size 
of thermal power generating capacity and the relatively low thermal efficiency (average of 
28-30% compared to 35% for developed countries) of the existing plants, the amount of coal 
used in the power sector is large. Although government policy emphasizes the addition of 
14 EIA, IE02004. 
larger, more eficient units of 300MWe and 600MWe, over half of the existing capacity is still 
in units below 200MWe. Only 15% of installed capacity is in units of larger than 300MWe, 
compared to 60430% in industrialized countries. Also of serious concern is that many of the 
new plants being built by the local governments are in unit sizes of 5OMWe or less mainly 
because these small units are easier to finance, although they consume 60% more coal per 
unit of electricity produced compared to units of 300-600~we. l~  
Geographic Distribution of Coal-fired Power Generation 
While coal fired power generation is most widely adopted across the country, the portion 
of coal fired power generation in the total power generation differs by region. Local 
resources conditions and geographical conditions have great impact on the choice of primary 
energy for power generation. Coal fired power generation is centered in Henan, Hebei, 
Anhui, Shandong, and Jiangsu provinces, where hydro energy resources are scarce and 
nuclear energy is not available, and accounts for 90-95% of the total provincial power 
generations. Along with the progress of the electricity transmission from the west to the 
east project, the coal-rich Shanxi Province and Inner Mongolia Autonomous Region have 
shifted their roles from the major coal sellers to the major electricity sellers in the country. 
In 2000, Inner Mongolia has supplied 8 billion kwh of electricity to Beijing, about one fourth 
of the total electricity consumed in the capital of this country.16 
Advanced Coal Technologies in China 
While many of the existing clean coal technologies are available in China, their 
applications in the country are relatively scarce comparing to developed countries. For 
example, even the coal washinglpreparation processes have not often been carried out in this 
country. This is because environmental protection usually comes a poor second to economic 
or social considerations, especially if it requires expenses on new equipment or staff to 
operate it. Consequently, most of the clean coal technologies adopted in China have been 
incremental and aimed to improve the overall efficiency of coal use, including more eficient 
industrial gasifiers, better control and monitoring systems, improved facility maintenance and 
management and a greater use of coal preparation and washing technologies. Advanced 
technologies such as IGCC are not yet available comme~tially, and are therefore unlikely to 
be adopted in China in the short to medium term if there is no international technological or 
financial aid. 
l5 XU, S., Senior Engineer of Thermal Power Research Institue to State Power of China, 2005. Personal 
communication. 
l6 China State Power, 2005. http://ww.sp-china.com 
In practice, clean coal technologies available in China include the preparation of coal 
(washing, briquetting and coal water slurry), its combustion (fluidized beds, SC and USC), 
the clean-up of flue gasses (flue gas desulphurization or FGD, NOx and particulates removal), 
and more advanced alternatives (PFBC, gasification and IGCC): 
Clean coal preparation technologies l 
Basic coal washing technologies are well established in China and aimed to reduce the 
amount of ash, and sulfur in many cases, in the raw coal. In 1997, there were over 1500 
coal preparation plants in operation. By 200 1, the amount of washed coal accounted for 
30% of China's coal output. Most of the washed coal is used for power generation. The 
technological challenge Chinese research institutes and enterprises are facing in this area is to 
develop modem washing processes to decrease water consumption and increase the 
effectiveness of ash and sulfur removal. 
Coal briquetting are also widely used in China for both domestic and industrial markets. 
Like coal washing, the purpose of briquetting is to prepare coal so that it can be burned more 
efficiently. Some briquetting processes include techniques for 'sulfur capture' as well as 
reducing the ash content of the finished product. The production capacity of household 
briquettes in China is 50 million tonnes per year, enough to supply 35% of consumption. In 
larger towns and cities, briquettes account for 60% of residential coal use. By contrast, 
industrial use of briquettes is limited. The main applications are gasification plants (22 
million tonnes per year) and combustion in boilers (2 million tonnes per year). 
Coal water slurry technology has been matured and has strong competitiveness in China. 
Currently, it's being deployed in power plants and industries, two examples of which are the 
retrofitting project of 5OMWe generating unit with coal water slurry in Baiyanghe Power 
Plant, and the conversion project from oil to coal in the cogeneration power plant of Beijing 
Paper Mill. Upon the completion of these projects, the total production capability of coal 
water slurry will amount to 650 thousand tons, with a substitution scale of 300 thousand tons 
of oil. 
Clean coal combustion technologies 
China has a significant capability in designing and manufacturing atmospheric fluidized 
bed boilers. Since the 1960s, in order to meet the need to bum indigenous low-grade coal, 
Chinese engineers have developed their own designs of small fluidized bed which were 
entirely independent of early efforts in other countries such as the U.K., the U.S. and 
l 7  Watson, J .  et al., International Perspectives on Clean Coal Technology Transfer to China, 2000. 
Germany. Over the years, as many as 3000 of these boilers have been installed in China. 
However, Chinese fluidized bed designs did not incorporate mechanisms to remove sulfur 
during combustion, and they have not been scaled up to sizes suitable for electric utilities. 
In recent years, the limited size and poor environmental performance of Chinese 
fluidized bed designs have led to the use of more advanced designs of fluidized bed boiler 
from international suppliers. Fluidized bed boilers based on imported technology have been 
installed at a number of power plants in China as a result of licensing agreements between 
Chinese and international suppliers. So far, CFBC boilers have been commercialized, with 
400 75t/h CFBC boilers and 20 200th CFBC boilers in operation. Domestic boiler 
manufacturers have been able to produce CFBC boilers with capacity less than 220t/h, 
although larger capacity (41 0th) CFBC boilers still have to be imported from abroad? 
Supercritical boiler is another clean coal technology that offers an incremental 
improvement over China's existing stock of equipment. SC has been firstly introduced from 
abroad and then domesticated, with the first domestically manufactured 600MWe coal-fired 
SC unit put into commercial operation in December 2004. The 600MWe USC has been 
introduced and under demonstration. 
Flue gasses clean-up technologies 
A group of "end-of-pipe" technologies are being used and demonstrated in China for flue 
gas clean-up. Electrostatic precipitators and wet type FGD have been commercialized, 
~ow-NO, burners and SCR for NOx removal are under commercial demonstration, while more 
advanced technologies such as semi-dry type FGD and combined SO2-NO, removal are 
under research.lg However, the impact of some of these technologies is still small. Many 
of the large coal-fired power plants built by foreign developers have electrostatic precipitators 
and ~OW-NO, burners fitted as standard, but some of those built and financed domestically do 
not incorporate these features. It is common that a Chinese power plant is fitted with 
domestic FGD facilities - less efficient particulate removal systems based on scrubbers for 
both dust and SO2 removal - and includes an empty space at site just in case the plant owners 
are required to fit an electrostatic precipitator in the future. 
There are hundreds of manufacturers of domestic FGD facilities throughout the country, 
concentrated in Zhejiang, Fujian and Hunan provinces. In contrast, only 13 sets of imported 
flue gas desulphurization units have been fitted to a small number of Chinese power plants 
and industrial facilities. At the present, China is just at the doorway to flue gas 
desulphurization in the power industry, with installed capacity of generating units completed 
l8 XU, S., Senior Engineer of Thermal Power Research Institue to State Power of China, 2005. Personal 
communication. 
l9 Cao, J., Director, Chinese National Academy of Science, 2005. Personal communication. 
with FGD facilities only accounts for less than 5% of that of the total thermal power units. 
The major reason behind the low desulphurization rate is the high cost of the desulphurization 
facilities and their high operating costs, which adds 0.02 yuanlkwh (about 0.24 centskwh) to 
power generating cost. The State Power Corporation is to add desulphurization facilities to 
a total of 37 coal fired power plants in a bid to raise the desulphurization capacity in the 
power sector up to 1 .OSMt/yr. It is estimated that, by the year 2010, about 130-1 60 sets of 
FGD facilities will be required to be installed, which means a tremendous market for 
domestic and international investment?' 
Advrmced coal technologies 
Coal gasification is widely used in China, although most installations use polluting 
outdated designs. By the end of year 2000, there have been over 8000 gasifiers in China, 
most of which are small and of low efficiencies, and half of them using atmospheric 
fixed-bed technology. Cleaner, more advanced gasifier designs fiom foreign companies 
have been introduced at a few industrial sites, among them are three Texaco gasifiers and 
three Lurgi gasifiers which are used for fertilizer, town gas and methanol production?1 
There is great potential for retrofitting many more Chinese gasification facilities with similar 
foreign technology to reduce emissions and increase overall efficiency. 
China has begun to study IGCC technology since the early 1980s and showed its interest 
in this technology in the 1993 talk.between the Ministry of Electric power of China and the 
U.S. DOE about transferring IGCC technology to China. Although the U.S. support for 
transfer of IGCC technology did not materialize, the Chinese government continued in its 
efforts to develop this technology. China has imported more than ten sets of oil fired or gas 
fired combined cycle units and is also conducting research on clean coal combustion 
technology and the thermal system of the combined cycle. In addition, China's Agenda 2 1 
plan has identified IGCC as a top priority technology for sustainable development and 
decided to build an IGCC demonstration plant in the city of Yantai in Shandong Province. 
The project has started planning since 1994, registered in 1999, and invited for bidding in 
2001. Due to the Chinese electricity market reform, the project has made little progress in 
recent years, and is still at the stage of bidding evaluation. 
Research and development on PFBC-CC in China began in the early 1980's and was 
carried out by Southeast University as one of the National Key Technique R&D Projects. 
So far, the essential key techniques of PFBC has been well known in China, and four 
commercial demonstration PFBC-CC plants each with 80MWe output (one of which is 
20 China International Center For Economic And Technical Exchanges, Urban Air Pollution Control in China, 
2005, http://www.cicete.ordnewindex/~age/~~ban/pa~e/Cha~ter3.htm 
21 Watson, J. et al., International Perspectives on Clean Coal Technology Transfer to China, 2000. 
2~80MWe) have been built. The first generation PFBC-CC is entering into its mature stage 
and its net generating efficiency can reach 40-42%. The second generation PFBC is now in 
I I '  
pilot plant stage of operations, with a net generating efficiency of 4547%. China will 
require further international cooperation if it is to improve and commercialize the first 
generation PFBC, and if it is to develop a second and/or third generation capacity. China's 
Agenda 2 1 has planned to build a 15OMWe PFBC-CC commercial demonstration power 
plant in the beginning of this century, in which a 125MWe steam turbine generation system 
with super high parameters and a 25MWe gas turbine generation system are used. Despite 
all the progress in PFBC, the technology is regarded as too complicated .and difficult for 
commercialization at present.22 
Chinese Coal-Related Policies 
In early 1999, the State Development Planning Commission of China (SDPC) published 
a major study on China's future energy policy that takes climate policy astonishingly serious 
to derive goals for the energy supply sector in 2050. The study frankly argues that China 
must halve its dependence on coal while sharply boosting natural gas production and oil and 
LNG imports to meet eventual climate change treaty commitments. The share of coal 
should be 35 % of Chinese energy consumption in 2050 with oil and natural gas accounting 
for 40-50 % and primary energy sources such as nuclear, hydro, solar and wind power 
account for 15-20 %. Interim targets for 2020-2030 would be 50% coal and 35% gas. 
In its 10th Five-Year Plan (200 1 -2005), China plans to increase coal production by 17%, 
much of which will be used for generation of electricity. It outlines the establishment of one 
or two coal companies with annual production of over 100 million tons each, and five or six 
with production capacity exceeding 50 million tons each by encouraging mergers and 
acquisitions among established coal companies. China is also becoming more open to 
foreign involvement and investment in its coal subsector, especially in modernization of 
existing mines and introduction of newer related technologies such as coal gasification, coal 
liquefaction, and coal slurry pipelines. The China National Coal Import and Export 
Corporation is the primary Chinese partner for foreign investors in the coal sector. Over the 
longer term, China plans to aggregate the large state coal mines into seven corporations by 
the end of 2005, in a process similar to the creation of CNPC and Sinopec out of state assets. 
Such firms might then seek to pursue foreign capital through international stock offerings. 
22 China's Agenda 2 1,2005, http://www.acca2 1 .ora.cn 
Chinese Environmental Policies 
Chinese environmental policy priorities are on the local and regional level (Information 
Office of the State Council 1996). Since China has ratified the 1997 Kyoto Protocol as one 
of the Non-Annex I Parties, it is not obligated to take quantified commitment on reductions of 
greenhouse gas emissions. Consequently, its climate policies have not been high on the 
agenda of government decision makers and no explicit climate mitigation or adaptation 
policies are in place. Hence, greenhouse gas reduction is attractive only if it includes direct 
or indirect reduction of local pollutants. 
However, ratification of the Kyoto Protocol makes the country eligible for CDM 
participation in competition with other developing countries, and China is actively 
participating in international and domestic activities regarding global climate change while 
pursuing sustainable development. The climate policy objectives included in China's 
Agenda 21 (adopted in 1994) state that a national program is to be formulated for controlling 
greenhouse gas emissions by afforestation and energy development, and that China will 
actively seek investment from the international community for projects that assist in the 
mitigation of climate change. These include projects for coal-fired power plants, 
hydroelectric power stations, coal gas projects, coal methane utilization and tree planting. 
During the past two decades, China has promulgated dozens of laws and regulations that 
promote sustainable development, with positive impacts on climate change, including laws 
on environmental protection, energy conservation, development of new and renewable energy, 
reforestation, soil and water conservation, and the like. From 1998 through 2002, a total of 
580 billion yuan, accounting for 1.29% of GDP, was invested in improvement of the 
environment and preservation of ecosystems. Efforts are now under way to prepare 
regulations or detailed policies to implement the China Energy Conservation Law. Forest 
cover has increased from 13% in 1988 to 16.7% today, which contributes to carbon 
sequestration. China's capacity to address global climate change is being built up. 
In local and regional environmental protection respect, the government has initiated 
serious efforts to curb air pollution related to coal combustion, particularly to reduce the 
power sector's contribution to the problem. In April 2000, China's new Air Pollution 
Prevention and Control Law was promulgated, which contains 20 more statutory provisions 
than its 1995 version did. Many of its provisions have been revised since then. The main 
amendments are the addition of articles on sulfur dioxide pollution and acid rain control, and 
creation of "acid rain control zones" and "sulfur dioxide pollution control zones" in China. 
Provincial and municipal governments are allowed to set more stringent rules than those 
applied to them by the central government. In June 2002, China's Cleaner Production 
Promotion Law was enacted, which establishes demonstration programs for pollution control 
and remediation in ten large Chinese cities. 
Under the new environmental laws, the Chinese government has announced ambitious 
emission reduction goals. For example, the 10th Five-Year Plan (200 1-2005) advocates a 
1 0% reduction in SOz from year 2000 levels and 20% reduction from year 2000 levels in two 
highlighted "control zones" in eastern and southern China. In 2004, China's SEPA ordered 
46 coal-fired power plants to install FGD equipment as required, warning that legal action 
would be taken against them if they failed to do so. 
